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ABSTRACT
This Abstract briefly describes a thesis on the development of techniques for the 
purpose of viewing Gas Metal Arc Welding (GMAW) metal transfer. The thesis also 
describes an elaborate investigation into the physics associated with metal transfer of this 
welding process.
An understanding of the physical process that is GMAW metal transfer has yet to be 
fully realised. Many factors are thought to contribute to this phenomenon and a number of 
theories have been proposed and counter proposed by a multitude of welding researchers. 
Thus, the thesis is an attempt to better comprehend the process to hopefully lead the way to 
a complete understanding.
The thesis firstly looks into what a weld actually is and presents the associated 
problems and terminology of welding so the reader may grasp the complex considerations 
that must be taken into account in order to produce a sound weld. A sound weld is 
obviously one that exhibits the properties that a designer expects from it during its applied 
life time. It then moves on to describe the components and materials utilised in such a 
welding plant.
Once these welding fundamentals are shown to provide an understanding of the 
process, the actual metal transfer is investigated. The metal transfer types are shown 
together with the forces thought to play an important part in metal removal and 
transportation to the weld. Various parameters which are known to alter the metal transfer 
are also presented and discussed. From this one receives a good overall view on what 
changes metal transfer and also the consequences of the changes.
As the title of the thesis suggests, visualisation of the electrode as it melts and 
travels across the welding arc is a major aim of this work. Visualisation techniques for 
viewing this are sought and discussed. The necessity of implementing such techniques are 
pointed out as well.
These visualisation methods are then employed in our study. The equipment 
chosen and used is described in detail and the corresponding results presented. An analysis 
of GMAW metal transfer theories is undertaken to try and predict what is seen in the 
pictures produced with the visualisation methods. A comprehensive mathematical analysis 
is given utilising the ‘Static Force Balance Theory’ and the ‘Mathematica’ computing 
package. The theory is also modified to allow for tapering of the wire electrode.
The results are discussed to test the validity of the theory. A discussion on possible 
improvements and direction for further research is also undertaken.
This work is generously funded by the Co-operative Research Centre (CRC) for 
Materials and Joining as a component of Project 93.12. Project 93.12 is a collaborative 
research venture in the area of Welding Automation between the Universities of 
Wollongong and Sydney and the Sydney based CSIRO Division of Applied Physics.
Please note that the electrical data acquired and presented in this thesis was obtained 
from the welding test bed facility at the University of Wollongong whose development is 
attributed to Professor Michael West and Mr. Lawrence Sanders.
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PROLOGUE
“Engineering knowledge starts with the accumulation of empirical data, which to 
begin with, can only be qualitative. As new approaches are used, and especially when 
methods of measurement or new techniques become available, these qualitative data 
gradually develop into quantitative data which serve as a basis for theoretical analysis of the 
phenomena which we are studying”.
The above words by Clarence E Jackson in June 1960 were truly prolific. Since 
then, the practice of welding has advanced much farther than welding science due to its 
enormous commercial importance. However, the methods employed today to study Gas 
Metal Arc Welding (GMAW) have come a long way in the last 35 years (eg. laser back­
lighting) but our knowledge is still far from complete.
With this in mind, a leader in the area of GMAW metal transfer, T W Eagar, has in 
recent years asked researchers to challenge commonly held beliefs if errors are apparent. 
This is not to ridicule what has gone before but for the sake of correcting former errors 
which limit our future progression. It is hoped that this thesis is seen as a progress in 
visualisation techniques through the vision of Jackson and a critical work that follows the 
ideas of Eagar for the advancement of welding science.
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INTRODUCTION: 
AIMS of STUDY
The major aims of this study revolve around the necessity to understand the melting 
and transfer of the consumable Gas Metal Arc Welding (GMAW) electrode. The 
motivation for this study is that the physics of welding related to this topic are still not fully 
understood. A full insight into this topic may lead to better process stability, consistency 
and ultimately quality control. Any literature survey regarding GMAW metal transfer will 
highlight a great void in the understanding of the physics involved in the process. 
Therefore, this study is an attempt to help fill that void.
This study not only concerns itself with the physics of GMAW metal transfer, it 
also investigates and tries techniques for capturing the electrode melting and across the 
welding arc metal transfer.
With these points in mind, there are several aims in this study. These are as 
presented below.
The study and implementation of adequate methods for visualising GMAW metal 
transfer is of paramount importance. It is also necessary to carry out a study on and 
observe the various GMAW metal transfer types. How different welding parameters affect 
the metal transfer and the final weld shapes is also studied.
An investigation into the possible correlation of droplet detachment to the welding 
parameters and the development of a concise but brief work on all technical aspects of 
GMAW, based on a sound literature review, is undertaken. The aim being to develop a 
GMAW manual that is simple to read and understand by almost any reader.
Another aim is to investigate the physics that are thought to govern GMAW metal 
transfer. If possible, develop a mathematical model that can be used to estimate the metal 
transfer for different welding parameters.
Furthermore, the suitability of GMAW visualisation techniques will have to be 
assessed. A discussion and assessment of the theories regarding GMAW metal transfer 
will also need to be undertaken in this study.
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CHAPTER 1: GMAW PRINCIPLES
1.1: GM AW  H ISTO RY:
In the last ten years the growth of Gas Metal Arc Welding (GMAW) science and 
technology has been phenomenal. GMAW is a multi-million dollar fabrication industry 
used extensively in the automotive, aerospace, energy, construction and ship building 
industries. It is also used by the manufacturers of earth moving equipment, boilers and 
pressure vessels. Perhaps because of its extensive uses in these varied fields it is perceived 
by many as a primitive science. Nothing could be further from the truth.
A multitude of parameters affect the metal transfer associated with GMAW. This 
metal transfer plays an important part on the weld properties. The complexity of the 
process has thus introduced difficulties in understanding and mathematically modeling this 
most widely used welding technique. To this day, no one has been able to predict exactly 
how the process works. Since a number of industries use this type of welding, GMAW 
metal transfer has attracted the attention of researchers from diverse disciplines. Arc and 
plasma physicists [54], electrical engineers [52], material and metallurgical scientists [33], 
welding engineers [57], mechanical engineers [58], and even nuclear research workers [25] 
are but a few of the various backgrounds that contributors to GMAW research have 
originated from.
The GMAW welding process is not new. It was introduced into industry as early 
as 1948. By then the idea of using a gaseous shield of inert gas to protect the welding arc 
and weld area from atmospheric contamination was at least twenty years old [56]. Initially 
it was considered as an impractical means of joining metals due to the high cost of the rare 
gases. This in turn meant that preference went to the development, and greater use, of 
other welding processes of the time that were also still in their infancy. One such process 
involved the use of flux covered electrodes which is still being used today. Figure 1 
presents the growth of welding processes since electrical energy became readily available. 
Figure 2 shows GMAW amongst its competitors. As one can see, GMAW is a powerful 
process since its popularity is in a field (that is, welding) which offers many alternative 
processes.
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However, due to the improved availability of these rare gases, it eventually became 
an economically viable process. As well, unlike the covered electrode process, it was free 
from slag which is the vitreous smelting refuse that must be removed after welding. 
Slowly, GMAW began showing up as an attractive alternative to the popular welding 
techniques of the era. In particular, its suitability and application to the welding of 
aluminium is generally considered as responsible for its rapid growth after its introduction 
into the welding and fabrication industries.
With the continued improvements in the areas of equipment design, gas purity and 
adoption of proper welding procedures (although a proper understanding of the process 
was still lacking) GMAW came to demonstrate an ability to deposit good quality welds that 
were able to meet very stringent code requirements. Other attractive qualities of the process 
were identified as simplicity of operation and speed of welding.
As mentioned already, initially the process involved the use of a chemically inert 
gas for arc and weld area shielding. As a result, the obvious term MIG (Metal Inert Gas) 
was used and it is still a common reference name for this process. Apart from welding 
aluminium, application to a broader amount of materials soon became an interesting 
proposition. The pursuit of this idea led to the use of reactive gases (in particular, carbon 
dioxide) or a mixture of various gases. The development of such gases resulted into the 
formal acceptance of the term Gas Metal Arc Welding (GMAW) for the welding process 
because both inert and/or reactive gases are employed.
Other gases, apart from carbon dioxide, are mixtures of argon and oxygen and, in 
some cases, even gases such as nitrogen and hydrogen have been tried. These different 
gases were also found to influence metal transfer.
Research into GMAW has led to its suitability for welding aluminium, magnesium 
alloys, plain and low alloy steels, stainless and heat resistant steels, copper and even 
bronze. The major variations for welding such metals simply being filler wire, type of 
shielding gas and operating limits of the welding machine [59].
Although a good practical understanding on GMAW exists, there are large areas 
such as investigating the metal transfer phenomena and attaining consistency from robotic 
welding machines which require further attention. Further research in these areas is 
therefore needed since the process has so many applications and it is, and will continue to 
be, one of the major welding processes. Figure 3 reinforces this statement.
%
Year
Japan -  GM /VH“  Japan - MMA USA -  GMAY 
-5 _  USA - MMA Europe -  GMAW“£^ Europe -  MMA
FIG U R E  3: Production trends of consumables used in GMAW for the UK, USA, and 
Japan. Manual Metal Arc (MMA) is also shown. The graph refers to that percentage of the
total output between 1974 to 1988 [31].
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1.2 GENERAT, FEATURES OF W ELD BEAD PR O PERTIES AND
GEOM ETRY:
Welding is by far the most effective means of joining many materials. However, 
the metallurgical and physical reactions taking place during welding make it a complex 
process. This is especially true for GMAW due to the irregularity and lack of 
understanding in the area of metal transfer, mainly due to the arc’s thermal and 
electromagnetic radiation emissions.
In GMAW, welding metallurgy is concerned with the inter-atomic bonding 
established by melting, transferring of metal and solidification. It may also involve 
reactions between different elements in different states which contribute to forming weld 
defects. An example of this is hydrogen or nitrogen entrapment in the weld, both 
undesirable effects. The weld comprises of the weld metal, the Heat Affected Zone (HAZ) 
and the unaffected base metal. The base metal is sometimes referred to as the parent metal, 
the work or the work-piece. Some of the most common characteristics of welds made with 
filler metal are shown below in Figures 4 and 5.
6
The weld area is a region whose metallurgical composition varies greatly as one 
goes across from the weld through to the base metal via the HAZ. The base metal and the 
filler wire have similar but not necessarily identical compositions and melting points. The 
re-crystallisation of the base metal metallic grain structure in the HAZ greatly affects the 
mechanical and other properties of the welded structure in the vicinity of the weld. This re­
crystallisation has, of course, occurred due to the heat input and re-solidification of the base 
metal. One thus has a region of non-homogeneity in terms of metals and metallic structure. 
As an example, Figure 6 illustrates some of these points for a single phase material, the 
base metal is a pure metal welded with a filler wire of identical composition. Exposure to 
high temperatures and severe temperature gradients are responsible for the resulting HAZ. 
As an example of a multi-phase metal structure resulting from welding, Figure 7 is also 
provided.
7
Original
workpiece Melt
FIG U R E  6: Fusion qualities of a pure metal (cold worked prior to welding giving a 
highly elongated grain structure) depicting the Heat Affected Zone (HAZ) and the
subsequent loss in strength in this region [78].________________
° c 1 7 0 0 1 5 0 0 1 3 0 0 1 1 0 0 9 0 0 7 0 0 5 0 0
° F 3 0 9 0 2 7 3 0 2 3 7 0 2 0 1 0 1 6 5 0 1 2 9 0 9 3 0
FIG U R E  7: Relation between the peak temperatures experienced by various regions in a 
weld, and how these correlate with the iron-carbon phase diagram [97].________
Obviously, when multi-phase materials have to be welded the complexity of the 
welding process becomes substantial. This is an area of great interest since most 
technically important alloys are such materials that exhibit multi-phase metallic structure and 
their suitability for welding is determined by the events taking place in both the liquid and 
solid states. This is a consideration which is beyond the scope of this study but is 
presented to provide an insight into the majority of problems and considerations that must 
be looked at before two materials can be welded together and what one must accept in either 
losses or gains in such areas as mechanical properties.
For a full treatment on these topics, the reader is referred to [78,97,98] and 
(especially) Chapter 19 of [99]. It must be emphasised, however, that if any of the 
requirements for producing a sound weld utilising GMAW are not met, welding defects 
will have a high probability of occurring.
The GMAW process is also one that produces some interesting weld bead shapes. 
This is due to the unique metal transfer types associated with it which will be shown later. 
Using this process, the heat input to the weld (which is provided by the arc and the 
transferring droplets) and the momentum of the droplets seem to play a major part in the 
quality and appearance of the weld bead. Figure 8 highlights this. Thus, metal transfer 
plays an important role in weld bead geometry and weld properties.
a GTAVV
FIG U R E  8: Transverse cross-section of weld beads from using a) GTAW and b) 
GMAW. Notice the pronounced ‘finger’ penetration commonly found in GMAW welds
[84].
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Figure 9 is presented to recapitulate the importance that heat input plays (per unit 
length) in determining the shape of the weld and the structure of the solidified weld bead.
(a) (£>)
FIG U R E 9: In making line welds the heat input per unit length determines the shape of 
the weld-pool and the structure of the solidified weld bead. This is demonstrated by the 
travel speed of the weldins run. The diagram shows a typical (a) slow run and (b) a fast
run [78].
11
3 0009 03201122  8
1.3 GM AW  FUNDAMENTALS AND M ETAL TRANSFER
TERM INOLOGY :
As mentioned previously, the GMAW process is a very popular form of metal 
joining that is extensively used by today’s industry. It is essentially an electric welding 
process which produces fusion of metals by heating them with an arc (made up of an 
ionised gas mixture) established between a continuously fed (consumable) filler wire and 
the base metal.
Shielding of the arc and molten weld-pool is obtained from a gas or gas mixture 
supplied via the welding gun that also introduces the filler metal and current into the arc. 
Shielding is obviously needed to force away atmospheric air to avoid undesirable chemical 
reactions with various constituents of air. These include oxygen, nitrogen and water 
vapour. Allowing these undesirable particles to be in the vicinity of the weld-pool may 
create unacceptable levels of weld defects, such as oxidisation, inclusions or porosity.
When using a constant voltage power supply the arc length is controlled by the 
power supply unit and the operator (welder) is required to maintain the welding gun at a 
fixed height above the weld-pool. The electrode is fed at a constant speed by a governed 
motor. This electrode feed rate plays a big part in determining the current.
There are different modes of metal transfer which are dependent on the selection of 
a number of process variables. The metal transfer consist of metal droplets that can either 
short-circuit or travel across the arc (sometimes termed ‘free flight transfer’). By adjusting 
the process variables, it is possible to alter the size and frequency of detachment of the 
droplets being deposited to the weld-pool. Figure 11 is a schematic representation of the 
GMAW metal transfer and some of the forces thought to be important. Figures 12 presents 
some of the GMAW process basics and Figure 13 shows the physical parameters of 
GMAW.
resistive heat generation
heat transfer to electrode
heat transfer fren molten 
droplets
drag forces 
emf forces
heat transfer from arc
impact & plasma forces
heat
conduction 
through 
plate
i -  ^
/
/  “  V  ^
convection due 
to emf, 
surface tension 
and bouyancy
FIG U R E  11: Metal transfer in GMAW. The filler wire and some of the forces thought to 
contribute to both the metal transfer and final weld bead qualities [130].________
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C O i shielding gas
Gas nozzle 
Completed weld
FIG U R E  12: GMAW process basics and basic types of welds [75]
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CHAPTER 2: THE GMAW PLANT
2.1 THE GMAW PLANT COM PONENTS:
The GMAW plant consists of the components in Figure 14. The consumable 
electrode is carried on a bare metal filler wire spool and is fed to a manually or fully 
automatically operated welding gun. The wire travels from the spool to the gun inside a 
flexible cable conduit that also contains a gas hose, an electrical power cable and the control 
(on-off) cable. The filler wire is fed by motor driven rollers at an adjustable speed. The 
rate of wire bum-off (the rate at which the wire is removed from the welding gun tip) must 
be balanced by the rate of wire feed. Hence, the current is determined by, and proportional 
to, the Wire Feed Rate (WFR) for constant voltage power supplies. Figure 15 graphically 
shows this relationship.
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FIG U R E 15: Wire feed rate versus current (that is, bum-off curves) for three diameters
of steel electrodes with C 0 2 shielding [82].
The welding gun also operates the shielding gas flow and power supply via a multi­
switch. Thus, the gas employed is fed to the gun together with the welding current supply, 
after closing the electric circuit and opening a valve for the gas to flow. Older style or very 
high current type guns may have water conduits that act as heat dissipators (that is, have 
water cooling). A power supply is also required. The power supply found in most 
conventional machines is the Constant Voltage, Direct Current (CVDC) type and most 
commonly operated with Electrode Positive (normally termed DCEP) as it is the most 
preferred polarity. Recently, advances in this area of power supplies include pulsed 
current, inverter units, and electronic power regulation and control. Figure 16 is presented 
to show a typical air-cooled GMAW gun.
Nozzle
’émm
■*------- Control cable
Ì Gas duct
^-Electrode 
\ wire
^-Wire-feed 
conduit
Power Inlet
Electrode /"Shielding 
wire /  Qas
E= /  1----------------------- -
Contact
tube Wire-feed
conduit
Section through nozzle
FIG U R E 16: Details of an air-cooled GMAW gun [127].
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2.2 FILLER WIRES FOR GMAW:
Choosing the right filler wire for a certain application is not an easy task. 
Considerations include such things as the metals to be welded, shielding gas to be used, 
welding position and type of metal transfer that is desired (that is, the current used). One 
must also consider the size of the parts to be welded, choose a wire diameter (and be able to 
work with its deposition rate), think about the type of weld joint that is to be undertaken 
and the characteristics of the weld bead geometry that will eventuate from the interaction of 
the chosen parameters.
Thankfully though, one does not have to carry out such complex decisions. 
Welding companies who manufacture filler wires and shielding gases, because of the 
accumulation of data over years of research, provide their customers with good, and easy 
to understand, guidelines on how to choose the most appropriate wire and shielding gas for 
their particular application of the GMAW process. Most of these tabulated guidelines give 
recommendations on gases to be used, polarity required, wire chemical composition and 
the mechanical properties exhibited by a well deposited weld. Filler wires are of course 
manufactured to meet standards in terms of mechanical properties.
Therefore, choosing a filler wire merely requires a basic insight into the above- 
mentioned considerations and the guidelines will recommend a very useful selection 
package to fulfill one’s needs.
It is also worthy to note that a certain wire diameter has a useful working range. 
Operation outside this welding range will most certainly introduce undesirable effects. 
Table 1 illustrates these ranges quite well.
W ire d iam eter (mm)
Dip tran sfe r Spray tra n s fe r
C u rren t (A) V oltage (V) C urren t (A) V oltage (V)|
0.6 30 - 80 15-18
0.8 45 -180 16-21 150-250 2 5 -3 3
1.0 ¡70-180 1 7 -22  ' 230 - 300 2 6 -3 5
1.2 ¡100-200 - 17 - 22 250 - 400 ¡27 -35
1.6 1120 - 200 18-22 250 - 500 ¡3 0 -4 0
TABLE 1: Welding voltage and current ranges for selected steel wire diameters operating 
with dip and spray transfer on Argon rich shielding [125].______________
GMAW filler wire manufactures also give suggestions for power source variables 
such as correct voltage and either current or WFR limits. All electrode wires are solid and 
bare except in the case of carbon steel when a very thin protective coating (usually copper) 
is used to avoid corrosion. Wires are available in a variety of diameters ranging from 0.6 
to 1.6 millimeters and are supplied in spools (reels) of up to about 30 kilograms [89].
Chemical additives can be present in the wire composition for a variety of reasons. 
These reasons may be to manipulate the metal transfer during welding, improve the wire
feeding characteristics on the welding machine rollers or to introduce alloying elements into 
the weld zone. Another major function of additives is to introduce ‘de-oxidisers’ or 
‘scavengers’ to minimise porosity in the weld or to assure that reactions with oxygen, 
nitrogen, hydrogen or water vapour take place if they are present, whether they were 
introduced by the shielding gas or by accidental introduction in the vicinity of the metal 
from the surrounding atmosphere. Common de-oxidisers for steel welding include 
manganese, aluminium and silicon and, for example, are desirable when using oxygen as 
an additive in a shielding gas. Other wire additives can include chromium, molybdenum 
and/or nickel since they can be used to increase strength or resistance to corrosion in the 
welded section. Molybdenum or tungsten, which are thermoionic because they have high 
melting points and easily supply electrons to sustain the arc due to their temperature, can 
also be added to affect the thermoionic properties of the electrode to aid in arc stability [97].
The Australian Standard Classification for Solid Wire Electrodes is AS2171 part 1 
and it identifies the most suitable type of wire for a particular application. The British and 
other countries have their own codes. However, by far the most referred classification for 
GMAW electrode wires is the American Welding Society (AWS) system. The AWS 
classifications are as follows, AWS 5.18-69 refers to wires for low carbon or low alloy 
steels, AWS 5.10 refers to wires for aluminium, AWS 5.6 refers to wires for copper and 
AWS 5.9 refers to wires for stainless steels. The AWS classification system for carbon 
steel filler metal is presented below as an example (chosen because the bulk of GMAW 
applications is in this area).
The basic AWS classification is carried out by this character (lettering and 
numbering) system:
ER XX S-Y
The ‘E ’ designates an electrode. The ‘R’ designates a cut length and may be 
omitted. The following numbers ‘XX’ indicate the minimum tensile strength of the 
deposited weld by adding three zeros to the right of the number given in pound per square 
inch (p.s.i.). For example, ER 70S-Y has a tensile strength of 70,000 p.s.i.. The ‘S’ tells 
one that it is a solid wire. The final number ‘ Y’ (usually between 1 and 7 or the letter G) 
informs on the chemical composition and the weld’s mechanical properties. Usually the 
shielding gas is also recommended.
Australian classification uses a similar system that differs slightly. Australian 
Standards specifications can be found in Reference [129]. The classification is made from 
three groups of letters and numbers. Group 1 specifies the chemical composition of the 
wire. Group 2 gives the recommended shielding gas to be used and Group 3 specifies the 
weld metal properties. It is broken up into a three section classification code that is as 
follows:
ES X GYWZZZ(H)
The ‘ES’ signifies a solid electrode. The first number ‘X’ describes the chemical 
composition of the wire. The second group of letters ‘Y’ is the recommended shielding 
gas. The third group of characters describes the mechanical properties of a good weld. 
The tensile strength expressed as one-tenth of the given numbers (in Megapascals) is the 
first two numbers in ‘777’ and the last number is the Impact value of a Charpy V-notch 
test in Joules (normally at 20 degrees Celsius). The final letter ‘H’ is only there if the 
process is recommended to be hydrogen controlled. Both of the mentioned classification 
systems are only a guide for the most commonly found wires.
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Figure 17 is an example of a GMAW electrode (the type used in this study). Table 
2 also highlights chemical composition requirements for GMAW wires under the American 
codes.
iL ta i
Solid GMA W Wires 
Mild and Medium 
Sirenath Steels
Autocraft LWl: For Gas Shielded Welding of Mild and 
Medium Strength Steels
Classifications:
AS 2717.1 — 1984 (ES4-GM-W502H) 
(ES4-GC-VV5C3H) 
AVVSA5.18-79 ER70S-4
ES2901 Part1-1983 A l3
Recommended Shielding Gas: 
Arcoshield 50 or 51.
Welding C 0 2.
(C:her Argoshieid mixtures can Pe us 
shielding gas for any application.)
rd and ClGVVELD will acvnse on the
Characteristics:
• High deposition rates with a recovery rate of up to 95%.
• No electrode changing and minima! weld cleaning especially when used with 
Argoshieid shielding gases.
• Hignly polished copper coating ensures smooth proPlem-free wire ‘eeding, 
maximum current pick-up and minimal contact tip wear.
• Low hydrogen welds of high racicgrachic ouaiity.
• SuitaPle for doth “ dip-transfer" ana "spray-transfer”  modes of operation.
Applications:
Butt and fillet welding of mild a.nc me 
a.nc pressure piping steels, sr.ee: s;
:ium strength structural steels, pressure vessel 
eel. a rc stee: tuping in all pos.hens.
Quality and Approvals:
Autocraft LW l-C O j. Autocraft LWl -A-gcsnieid 59 or Autocraft LW l -Argoshieid 51 : 
American Bureau of Shipping — Grace 33A 
Det Ncrske Veritas — Grace HTYMS 
Lloyds Register of Shipping — G'ace 2S
Typical Wire Analysis — per cent: -
C 0.10 Mn 1.3
Si 0.75 S 0.015
p  0.015
. ypical All Weld Metal Mechanical Properties: - A rgoshieid 50
Yield Stress 390 MPa
Tensile Strength 500 MPa
Elongation 32%
Reduction of Area 70%
Impact (Charpy V Notch) 150J at -  20°C
Operating Data:
Range
Wire Diam. Current Wire Feed Speed Voltage
(mm) (Amps) (M etres/m in.) (Arc Volts)
0.6 35-100 3.0-12.5 12-14
0.8 50-180 3.5-12.5 14-22
0.9 70-230 3.5-12.5 15-26
1.0 100-280 3.5-12.5 16-28
1.2 120-350 2.5-15.0 18-32
1.6 200-400 2.5- 7.5 18-34
Packaging:
Wire Size Pack Pack Wt. Part Nos.
0.6mm Spool 15 kg 720103*
0.8mm Spool 15 kg 720114
0.9mm Spool 15 kg 720115
1.0mm Spool 15 kg 720138
1.2mm Spool 15 kg 720116
1.6mm Spool 15 kg 720117
1.2mm Coil 30 kg 720136
1.6mm Coil 30 ko 720137
0.9mm Basket 17 ko 720142
1.0mm Basket 17kg 720143
1,2mm Basket 17 kg 720144
0.9mm Bulk reel 300-500 kg 720155
1,2mm Bulk reel 300-500 kg 720156
AW SA5.18-79 ER70S-3
FTGIJRE 17: An example of a GMAW electrode, the Autocraft LW-1 [89],
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T A E LE  4-18. AWS A5.18-69 Chemical-Composition Requirements 
for Gas Metal-Arc Welding Electrode
■ AWS 
Classification
Chemical Composition, percent
Carbon
Man­
ganese Silicon
Phos­
phorus Sulfur Nickel 3
Chro-a
mium
Molyb-a
denum
Vana-3 
d ium
Tita­
nium
Zirco­
nium
Alum i­
num
GROUP A -  MILD STEEL ELECTRODES
•' E70S-1
0.07
to
0.19
0.20
to
0.50
0.025
ï  E70S-2 0.06
0.90
to
1.40
0.40
to
0.70
0.025
0.05
to
0.15
0.02
to
0.12
0.05
to
0.15
-i-E70S-3
0.06
to
0.16
0.45
to
0.70
ÏE70S-4
0.07
to
0.15
0.65
to
0.85
E70S-5
0.07
to
0.19
0.20
to
0.50
0.50
to
0.90
È7 OS-5
0.07
to
0.15
1.40
to
1.85
0.80
to
1.15
_ E7QS-G J nc chemical requirements ^
—__  GROUP E -  LOW-ALLOY Si EEL ELECTRODES
, E'CS-1E
0.07
to
0.12
1.60 I
to
2.10 I
0.50
to
0.80
0.025 0.025 0.15
0.40
to
0.60L J Ò s - G E  I nc enemies! recuirerr.er.is
L -------  GROUP C -  EMISSIVE ELECTRODE
E70U-1 j 0.07to
0.15
0.80
to
1.40
0.15
to
0.25
0.025 0.025
ote -  
For
For
»Cp
- T e le  v a .'o:es sh ew n  are m ax im u m s. 
^ r- e c s  A and C these e lem ents m ay b- 
this c la s s if ic a t io n  there  are n c e r e n  
't ic ~ Cf M , C r . M c c r  V .
! p resen t b u t are net in te n tio n a lly  added .
cai re q u irem en ts  fo r tne elem ents listed  w ith  the e xcep tio n  that there shall be no in te n tio n a l
TABLE 2: Typical chemical composition requirements for GMAW electrodes (AWS
Standards) [102].
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2.3 GMAW POWER SOURCES:
The conventional application of the GMAW process requires a power source that 
delivers Direct Current (DC). This source of Direct Current may be supplied by, for 
example, a transformer or motor generated power source. The rating of the power source 
employed is mainly dependent on the amperage required for a certain application. The 
continuously fed electrode is almost always the positive electrical terminal. As already 
stated, this is termed ‘reverse polarity’ (or ‘electrode positive’). Reverse polarity provides 
a more stable arc, smoother metal transfer, lower spatter loss and weld bead characteristics 
which are of good appearance over a wide range of welding currents.
‘Straight Polarity’ (or ‘electrode negative’) is rarely used nowadays. Electrode 
melting rate is much higher when operating electrode negative [59], but the arc becomes 
very unstable, increases spatter and decreases weld quality.
Alternating Current (AC), although previously used in investigations, has no real 
practical uses in GMAW because it too affects the stability of the welding arc with 
unfavorable results. '
The most widely used GMAW power sources have in-built, non-adjustable 
‘Constant Voltage’ or ‘flat’ output characteristics. This is a straight line relationship 
between the voltage and current, with the voltage falling by about 2 to 4 volts per 100 
amperes [83]. The voltage-current characteristics of the power source used in this study 
(the Transmig 350-EC) may be found in Appendix 5. The slope of the curve is 2.25 volts 
per 100 amps. The main reason for having this characteristic in the power source is to 
accommodate self-adjustment for the arc length through filler wire melting. To obtain the 
most rapid rate of recovery from any disturbance of arc length, this slope of the power 
source characteristic should be as small as practicable [1].
Figure 18 illustrates these points. As can be seen, if for some reason the arc length 
decreases, the welding current increases and this, in turn, increases the filler wire bum-off 
rate. The implication of this situation means that the arc length increases back towards its 
stable, equilibrium operating point. If the arc length increases, the opposite effect takes 
place (as shown in Figure 18).
Consideration also goes into the properties of the shielding gases as they all have 
their distinctive power consumption characteristics. Voltage and current settings must also 
meet the demands of the arc’s own voltage versus current characteristics. Power source 
and arc characteristics will determine the operating point of the system.
Therefore, different shielding gases create different welding arcs. Jackson [59] has 
plotted voltage-ampere characteristics for GMAW arcs of different gas compositions. 
Figure 19 is one such example. The actual voltage and current obtained (the operating 
point) during welding is obviously then determined by the intersection of the power source 
characteristic line and the arc characteristic line. Figure 20 explains this graphically.
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FIG U R E  18: Changes in current, voltage and bum-off rate with change in arc length for
GMAW [82].
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I
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Bum-off curves can also provide information on wire feed rates and current. These 
bum-off rates are the rates of filler wire consumption or the WFR. Once the WFR needed 
is selected different voltage settings are tried to find the operating point of the system. Poor 
arc performance (stability) will reflect incorrect voltage selection. Too low a voltage will 
see the filler wire ‘stubbing’ into the weld-pool. Stubbing is when the filler wire contacts 
the weld-pool and the non-melted base metal and is quite different to short-circuiting as it is 
not an intentional occurrence (and very undesirable). If the voltage is set too high a long
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arc will eventuate and most likely bum the filler wire back to the contact tip, and may even 
fuse itself with the contact tip. Many GMAW power sources can also provide various 
voltage-ampere characteristic line choices ranging from low voltage to high voltage 
settings.
Power sources can also come with a ‘drooping’ characteristic which provides 
‘Constant Current’ (CC). This type of power source characteristic is usually employed for 
large diameter filler wires at high current. The voltage-current curve for these units have 
the voltage falling off considerably as the current increases, hence the name given to it 
(drooping). There have been investigations into the performance comparisons of CV and 
CC power sources (an example of which is Reference [50]). The comparisons show that 
the control circuit for CC machines are more complicated than those of CV sources. The 
CC mode of operation also employs a variable speed WFR mechanism to respond to arc 
length variations by changing the WFR. However, these CC machines are not a popular 
selection for GMAW due to the greater control needed for the electrode feed machine and 
self regulation of the arc is not properly catered for.
Conventional GMAW power sources usually have a ‘duty cycle’ that describes the 
rating of the particular machine over a certain time period. If an operator, exceeds the duty 
cycle of the machine it will most certainly cause overheating and probable equipment 
failure. Almost all the power sources are rated over a five minute period. For example, a 
60% duty cycle at 300 amps means that the welding machine can be used over a three 
minute period at 300 amps, rested for two minutes then used repeatedly again in the same 
manner. This duty cycle can continue over and over again with the knowledge that the 
machine’s limitations are not pushed beyond a point where breakdown is inevitable.
The input power into a GMAW machine is usually three or single phase, depending 
on the output capabilities of the machine. Heavy welding requires three phase to power the 
transformer and rectifier unit and provide voltages up to 50 volts and current up to at least 
500 amps [861.
Many conventional GMAW power units also have what is termed as ‘bum back 
control’. When the welding gun multi-switch is depressed to the ‘o ff position the current 
flow, the shielding gas flow and the wire feed motor all stop. It is very likely, if all these 
things happened at the same time, that the filler wire would become fused to the base metal. 
To greatly diminish the probability of this happening the electrical current flows for a very 
short time after the wire feed mechanism stops. The possibility of fusing the filler wire 
onto the electrical contact tip is also present if the time delay is too long, for this reason 
some have variable time delays.
Inductance may be added to the power unit as well by using electrical ‘chokes’. 
When a short-circuit occurs between the electrode and the work-piece there is a very rapid 
rise in current. This type of short-circuit or ‘dip’ transfer is very widely used in GMAW. 
It is for this reason that inductance is added, otherwise violent and erratic burning of the 
wire occurs as a result of current rise and high current arc re-ignition.
This inductance is really energy stored during the period of rapid current rise in the 
moments following a short-circuit in dip transfer mode. It is also necessary that sufficient 
current does build up unless the electrode will freeze and cause stubbing.
Some inductance is also good for smooth arc ignition during other transfer modes. 
However, too much inductance will definitely cause erratic arc starting. Proper inductance 
selection is not easy but some machines have variable inductance whose limits are well 
suited to the particular machine. Figure 21 sheds some light on the importance of proper 
inductance selection.
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FIG U R E  21: Stills from high-speed cinema films showing (i) excessive current rise at 
short-circuit and (ii) optimum current rise at short-cicuit [75].
There have been many advances in the field of GMAW power supplies. The 
information given so far on this topic is to highlight the operating qualities of the 
conventional power supply used in this study of GMAW metal transfer (the ‘Transmig 
350-EC). It is not meant to be a thorough look into power supplies for GMAW. Good 
material on the topic of the latest advances on GMAW power supplies may be found in 
other references [31,74,83,87]. Figure 22 shows the important part that the power supply 
plays in the metal transfer. Figure 23 illustrates the speed of operation that pulsed GMAW 
power units can achieve these days to manipulate the transfer of metal by varying the 
electrode current in milliseconds, something quite impossible to achieve with conventional 
GMAW power supplies .
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FIG U R E  22: The effect on power input on the GMAW process [74].
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FIG U R E  23: Modem capabilities of pulsed power units. Electrode voltage and current 
waveforms are for a typical welding cycle, time is in the order of milliseconds[85],
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2.4 SH IELD IN G  GASES FO R GMAW :
When the gaseous constituents of air and water vapour are allowed to be in physical 
contact with most molten metals chemical reactions take place. For example, gases such as 
nitrogen and oxygen, the two most abundant gases in atmospheric air, can respectively 
react with molten metal to form nitrides and oxides. This sort of atmospheric 
contamination in a weld deposit has very serious implications as mechanical strength and 
ductility will be greatly affected and an excessive amount of welding defects, such as 
porosity and insufficient fusion, will be present.
The primary reason for using a shielding gas is therefore to protect the weld zone 
against such action from the atmosphere. The shielding gases do provide other functions 
as well. These include, amongst other things, influencing the penetration, fusion, shape of 
re-enforcement, metal transfer characteristics, speed of welding and stability of the arc 
plasma.
The correct shielding gas choice will produce a high quality weld of the desired 
shape and will exhibit the desired mechanical properties with ease of welding operation. A 
wrong selection will definitely lead to difficulties when welding and cause defects. Other 
such weld defects can include hydrogen embrittlement and under bead cracking. These 
gases have also been developed over the years to help increase productivity.
GMAW shielding gases are normally based on pure argon, helium, carbon dioxide 
or mixtures of these with the addition of oxygen to provide a slightly oxidising potential. 
Argon and helium are used more frequently for GMAW application of non-ferrous metals 
and are completely chemically inert. The selection of one or the other, or mixtures of the 
two are available in various combinations, can be used to obtain the desirable welding 
characteristics.
Other inert gases, such as xenon, krypton and neon have been tried but their low 
availability makes production very expensive and their characteristics do not warrant their 
use. Figure 24 illustrates the relative costs of the inert gases.
Name S;/m b  cl A. t cric 
Numb e r
Eoiling
Foint
Max. Avail. 
Pressure (PSI)
A m t . in the 
Atmosphere
A p p r o x
U S $ / l t r
H e l i u m He 2 -268.9 6,000 5.2 PPM $ .10
Ne o n Ne 10 -246.07 6,000 18.2 PPM $ 1.00
A rgon Am IS -185.88 6,000 7600 PPM $ .10
Kr y p t o n Kr 26 -156.6 1,350 1.1 PPM $ 3.00
X e non Xe c ¿ -108.06 800 0.036 PPM $11.00
FIG U R E  24: Approximate inert gas prices in US 1995 dollars. Note: PPM is Parts Per
Million [121]. _________________ _ _
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Helium and carbon dioxide have a higher thermal conductivity than argon. This 
means that, in comparison to argon, the heat input is much higher for the same welding 
parameters. Different ionisation potentials also dictate that the gases will produce quite 
different welding arcs for the same welding parameters. The difference in welding arcs 
will be evident in the weld bead geometry. The thermal conductivity and ionisation 
potential differences are thought to greatly affect metal transfer. The thermal conductivity at 
various temperatures for some of the common gas types found in GMAW are in Figure 25. 
It is evident from this graph that helium provides a hotter arc through its heat carrying 
capabilities. The molecular gases hydrogen and nitrogen (as well as carbon dioxide, even 
though it is not shown) show peaks due to the effect of disassociation and association of 
atomic forms of gases. For a full treatment of this topic the reader is referred to references 
[1,97].________________________________________________________________________
Figure 25: Thermal conductivity of some gases used in GMAW (at 100 kPa pressure)
[97].
Furthermore, although the pure inert gases do protect the weld metal from reaction 
with air particles, they may not be suitable for all welding operations. By mixing 
controlled quantities of reactive gases with them, stable arcs and smoother metal transfer is 
attainable (which would not be possible by using the pure inert gas alone). The reactive 
gases most commonly used are nitrogen, oxygen and carbon dioxide.
It seems quite illogical to add these gases to the pure shielding gas when one is 
trying to protect the weld-pool from such contaminants. However, they are needed for 
various reasons. For example, the uses of low oxygen additions are made to help an argon 
arc stabilise by reducing what is known as ‘arc wander’ (the name is self explanatory). No 
accurate mechanism has yet been proposed to explain why this oxygen addition decreases 
‘cathodic spot wandering’ but it is well documented that without the addition a pure argon 
arc produces irregular bead geometry [91]. Nitrogen and hydrogen are recommended for 
use as additives as long as their presence does not introduce porosity or embrittlement, 
respectively. All the gas additives are used in relatively small proportions except for carbon 
dioxide.
29
Carbon dioxide can be used pure and its comparative cheap cost makes it a very 
attractive financial alternative to using other gases. Unfortunately, like other shielding 
gases, it too is limited in uses.
Gas availability still plays a big role in various countries and it is because of this 
that non-uniformity in shielding gas composition and types of gas applications between 
countries differs greatly. That is to say that, apart from abiding to specific national 
standards, international differences in shielding gas applications and types exists because of 
availability and financial considerations. For example, Cornu [91] tells us that helium was 
for many years only available from North American natural gas. It is now being extracted 
from European natural gases and its use there is increasing due to affordable availability.
Shielding gas manufacture has become a big business. It is for this reason that 
most manufacturers nowadays do not directly give out information on the composition of 
their gases. Commercial competition between large gas companies and the fact that most 
users want recommendations (rather than technical notes) has dictated this outcome. When 
choosing a shielding gas most companies present one with a manufacturing scenario where 
such things as the material type, dimensions and type of weld are taken into account and the 
machine settings and shielding gas are recommended. This does make gas selection simple 
by following the simple guidelines for those not interested in the technical aspects of their 
choice. A very good guide into how these gases are made is found in reference [90].
It is thus easy to see that shielding gas selection is not an arduous task. 
Nevertheless, the chemical reactions which occur during GMAW with different shielding 
gases are all very unique.
A complete understanding of the exact behavior of each different shielding gas is a 
very complex matter and such an understanding is still a long way off. The information 
presented so far is a brief look into GMAW shielding gases. For a complete picture into 
this topic the reader is referred to other GMAW shielding gas references 
[31,79,87,90,91,92].
Tables 3 and 4 are both presented to see the applications of various shielding gases.
MATcXLAl SHIELDING GAS
11 0 13 Ml M12 (1 to 3) M2 M3 Cl
Argon Argon-
heuum
Argon- 
>Cto5 COj 
>0to3 0 ;
Argon-
heiium
>lVj»o2COj
Argon
>5to 25CO; 
>3 to 10 O;
Arcon
>25 to 50COj 
>3 to 15 0 ;
CC;
C-Mn 0 • 0 •
low cUcysted • 0 O
Sicmiess sted C C • •
Aluminium • C •
Cocoer • •
N<itel cilovs *
Titcmim 0
•  Most common gases used 
G Also used
TABLE 3: Recommended shielding gases for various metals and alloys for GMAW [90].
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M e t a l  t y p e G a s  s h ie ld R e m a r k s
C a r b o n  a n d C O , F o r  d i p  tr a n s fe r ,  a n d  s p r a v
l o w - a l l o y tr a n s fe r
s t e e l s  ^ S p a t t e r  p r o b l e m s .  U s e  d e o x i d i z e d  
w ir e
A r - 1 5 /2 0 %  C 0 2 F o r  d i p  o r  s p r a y  tr a n s fe r .  
M i n i m u m  s p a t t e r
A r - 5 %  C O , F o r  d i p  a n d  s p r a y  t r a n s fe r
A r - 5 %  0 , S p r a y  t r a n s fe r .  H i g h  i m p a c t  
p r o p e r t i e s  .
A r - 5 %  C 0 2- 0 2 2 % F o r  p u l s e d  arc  a n d  th in  s e c t i o n s
S t a i n l e s s A r - 1 / 2 %  0 , S p r a y  t r a n s fe r
s t e e l s 75  H e  2 3 . 5 %  A r  1 .5% C 0 2 H i g h  q u a l i t y  d ip  tr a n s fe r .  F o r
th in  s e c t i o n s  a n d  p o s i t i o n a l  w o r k .  
G o o d  p r o f i le
H e  7 5 % - A r  2 4 % - 0 ,  10 ' • 0
A l u m i n i u m A r g o n S t a b le  a r c  w i th  l it t le  s p a t t e r
a n d  its H e l i u m H o t t e r  arc .  less  p r e -h e a t ,  m o r e
a l lo y s s p a t t e r
H e  75%  A r  2 5 % S t a b le  arc ,  h ig h  h e a t  in p u t .  G o o d  
p e n e t r a t i o n .  R e c o m m e n d e d  fo r  
t h i c k n e s s e s  a b o v e  16 m m
M a z n e s i u m A r z o n S t a b le  arc
a n d  its  
a l lo y s
H e  75%  A r  2 5 % H o t t e r  arc .  L e ss  p o r o s i t y
C o p p e r A r g o n F o r  s e c t i o n s  u p  to  9 .5  m m
a n d  its t h i c k n e s s
a l l o y s H e l i u m
H e  75%  A r  2 5 % F o r  m e d i u m  a n d  h e a v y  s e c t io n s .  
H i g h  h e a t  in p u t
N i c k e l A r g o n S e c t i o n s  u p  to  9 .5  m m  t h ic k n e s s .
a n d  its P u l s e d  arc
a l lo y s A r  70%  H e  3 0 % H i g h  h e a t  in p u t ,  less  c r a c k i n g  in
A r  2 5 %  H e  75% t h ic k e r  s e c t i o n s  o f  9%  N i
C u p r o - A r z o n S t a b le  arc
n i c k e l A r  70%  H e  3 0 % S t a b le  a r c  w i th  less  c r a c k i n g  risk
T i t a n i u m , H i g h  p u r i ty  a r g o n V e r y  r e a c t iv e  m e ta l s .  H ig h  p u r i ty
z i r c o n i u m  
a n d  a l l o y s
s h ie l d i n g  g a s e s  are e s s e n t ia l
TABLE 4: Recommended gases ans mixtures for GMAW application [87].
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Figure 26 indicates the weld bead geometry types associated with various shielding 
gas compositions. As well, Figure 27 is also shown as a summary of the importance of 
shielding gases.
d
Profile typical o f argon shielded welds (d/e = 2.5)
■ Fro fie  typical o f helium shielded weld (d/e = 3.5)
Frofle typical o f carbon dioxide shielded welds (d/e  = 1-1.2)
FIG U R E  26: Effect of altering gas composition as depicted by Cornu [91].
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Environment
Emission of fume and gases is 
influenced by the shielding gas
Shielding effect
Molten or heated metal is 
shielded from air in a controlled 
shielding gas atmosphere.
Surface appearance
Amount of spatter and surface 
slag is influenced by the 
shielding gas.
Metal transfer _
The type of metal transfer is 
strongly dependent on the. ; 
shielding gas. The shielding 
gas also influences the size and 
forces actinc on the droplets.
Arc stability
Arc stability and arc ignition are 
influenced by the shielding gas.
Metallurgy and mechanical 
properties
The less of alloying elements 
and pick-up of oxygen, nitrogen 
and carbon is influenced by the 
shielding gas. This loss and 
pick-up will influence the 
mechanical properties of the 
weld metal.
W eld geometry 
Weld bead profile as well as 
penetration profiie are influ­
enced bv the shielding gas.
FIG U R E  27: Choice of shielding gas greatly influences the GMAW process [136].
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CHAPTER 3: METAL TRANSFER TYPES (Major Categories
of Metal Transfer);
3.1 METAL TRANSFER TYPES: I.I.W . CLASSIFICATION.
The study of metal transfer in a welding arc with a consumable electrode has 
attracted the attention of researchers for a long time. The main aim of these works has been 
to determine the parameters and mechanisms involved in the metal transfer across the 
welding arc which contribute to the control of the welding process. This may lead to the 
increase of welding efficiency and to improved welding techniques.
There are various metal transfer modes involved in arc welding as classified by the 
International Institute of Welding (I.I.W.). These are presented in Table 5 and Figure 28.
DESIGNATION OF TRANSFER TYPE WELDING PROCESS
1. Free flight transfer -
1.1 Globular
1.1.1. Drop Low-current GMA
1.1.2. Repelled C02 shielded GMA
1.2 Spray
1.2.1. Projected Intermediate-Current GMA
1.2.2. Streaming Medium-Current GMA
1.2.3. Rotating High-Current GMA
1.3 Explosive SMA (coated electrodes)
2. Bridging Transfer
2.1 Short Circuiting Short-Arc GMA
2.2 Bridging without interruption Welding with filler wire addition
3. Slag-Projected Transfer
3.1 Flux-wall guided SAW
3.2 Other Modes SMA, cored wire, electroslag
Table 5: I.I.W. Classi 'ication of Metal Transfer [1].
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Drop
V7
Stream ing
R e p e lle d
R o ta tin g
0
o
Projected
; Exp lo sive
S h o rt c ircu itin g F lu x  wall guided
F igure 28: Modes of Metal Transfer according to the Classification by I.I.W.[12].
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3.2 M ETAL TRA N SFER IN GM AW :
In GMAW a localised coalescence of metals is achieved by melting together a filler 
wire metal and the two sections to be joined. Obviously this is achievable by the 
employment of any of the transfer types associated with GMAW. The various transfer 
modes will, however, create very different results. Each mode of transfer will show up 
varying degrees of weld bead geometry, fume rates, arc stability, spatter, heat input, 
porosity, HAZ, electrode bum-off rate, etc..
The metal transfer in GMAW essentially refers to the mass flow of liquified filler 
metal transferred across the arc or short-circuited into the weld-pool. The melting of the 
filler wire, detachment of metal from the electrode and transfer of this metal must all be 
considered to describe the metal transfer. It is important to note that the mass flow in 
GMAW is complex as the wire electrode acts as both a heat source and a source of filler 
metal.
The retention of the metal in the weld-pool, even though the metal transfer can 
affect it, is of no importance to GMAW metal transfer. However, it is .of importance to 
weld bead geometry and spatter loss.
Not all of the I.I.W. classified metal transfer types for arc welding are encountered 
in GMAW. Only the types shown in Figure 29 and the short-circuiting (dip) modes are 
normally found in GMAW when using Direct Current Electrode Positive (DCEP) in steel in 
conjunction with argon rich shielding gases. Repelled and explosive modes are also 
encountered as irregularities or from using other shielding gases.
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With steel (DCEP) and argon rich mixtures it is common to split the transfer modes 
into short-circuit (dip), globular and spray. For most applications only these modes are 
utilised in GMAW. The distinction is also made between dip transfer and ‘free flight’ 
transfer in which detaching droplets traverse across the arc and impact the weld-pool.
In free flight transfer, globular mode (Figure 29 a and b) is observed in the lower 
current region. Globular mode normally implies that droplets of greater diameter than the 
electrode diameter are being detached. Spray mode is normally seen after a ‘transition 
current’ is reached, and as current increases so too does the length of the taper formed at 
the electrode tip.
At the lower welding current range of the spray mode, when the droplet diameter is 
roughly that of the electrode, there exists what is commonly referred to as projected spray 
mode (Figure 29 c). At the higher end of this spray region exists a long taper in what 
seems to be a quasi-stationary condition and we see droplets, of much smaller diameters 
than the electrode diameter, detaching from the tip of this long pencil point tip (Figure 29 
d). Past the spray mode is the rotational mode, which finds little or no use in GMAW 
(Figure 29 e). The only GMAW consumables manufacturers that seem to pushing for 
finding a commercial application for the rotational mode is Linde Gases [123]. Their 
interest lies in the fact that high deposition rates are possible with this transfer type.
The short-circuit mode is not of particular interest to this study. This technique is 
one in which metal is transferred by letting each growing droplet to touch the weld-pool. 
The short-circuit mode has been extensively applied for welding steel with carbon dioxide 
shielding but other gases are used as well.
The dip transfer cycle is as follows (refer to the pictures in Figure 30). A droplet 
begins to grow with an established arc. As the droplet grows, a corresponding drop in 
current is experienced and the arc plasma decays as the arc gets smaller. With the decrease 
in current the wire feed rate (WFR) exceeds the instantenous bum-off rate and the arc gap 
closes even further. Eventually the droplet physically touches the weld-pool and rises 
slightly (droplet is repelled) and an electrical bridge or short-circuit results. This droplet 
repulsion is probably due to the weld-pool rising when the arc pressure diminishes and the 
electrical forces acting on the droplet. Other forces such as surface tension and electrode 
motion play a significant part in the metal transfer too.
By now the arc is completely extinguished and, because of the reduced electrical 
resistance between current contact and the base metal now existing, the amperage begins to 
rise and the voltage drops to a very low value. Resistance heating now takes place in the 
wire, which melts and breaks off a piece of the wire, resulting in the short-circuit being 
ruptured and arc re-ignition eventuates.
As the arc is re-ignited, the current decays to a minimum value and the plasma 
helps drive the detached metal travel towards the weld-pool and arc pressure once again 
depresses the weld-pool. This study has also seen that the metal remaining on the electrode 
at this point is also repelled away from the base metal. Arc induced forces due to re­
ignition may be responsible but it is hard to pin-point the source of this force. The process 
then repeats itself. This continual oscillation of the weld-pool surface is usually not taken 
into account by past authors investigating dip transfer but demands consideration in a full 
analysis if theory is to reflect experimental information.
The information provided on power sources pointed out that correct choke selection 
will play a big part in the voltage and current that will be experienced by the filler wire and 
that varying the inductance should show different metal transfer qualities.
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Time
Arc
diminishing
Short
circuit
Necking High current Standing Arc
arc re-ignition current arc diminishing
FIG U R E  30: The short-circuit or dip transfer mode. The top end of the picture depicts 
typical voltage and current traces and below it is the corresponding captured appearances of 
the wire, weld-pool and arc from high-speed cinema records (3/16 inch steel electrode,
WFR of 100 inches/minute with carbon dioxide shielding) [120]. ________
Explosive transfer may be encountered at times in GMAW as reported by Lucas and 
Amin [40] and Woods [33]. The reason given as being responsible for this type of transfer 
is due to high vapour pressure alloying elements or gases trapped in the filler wire. Van 
Adrichem [132] also offers the theory that these eruptions are mainly the result of carbon 
bum-off reacting with iron oxide to form iron and carbon monoxide. Figure 31 is a good 
example of this type of transfer. Thus, chemical reactions may also be to blame as they 
may cause gas evolution which could lead to in-flight droplet explosions and spatter. 
Repelled mode is also encountered in GMAW, especially with different shielding gases.
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3.3 PREVIOUS RESEARCH INTO FORCES ACTING ON DROPLETS:
From the pictures depicting GMAW transfer modes it is clear to see that the axial 
symmetry of droplet transfer and the reasonable regularity of the detachment process are 
good reasons behind attempts by researchers to pursue both a qualitative and quantitative 
analysis of the possible droplet detachment mechanisms with steel DCEP and argon 
shielding.
However, in GMAW, the arcs are very small (around 10 millimeters in height), 
their temperatures are very high (reportedly up to 20,000 Kelvin), the radiation emitted 
presents a hazard to those in the area of welding (ultra-violet radiation is harmful to the 
naked eye and exposed skin), and the rates of droplet detachments (in the order of up to at 
least 300 per second) are very high.
It is therefore no wonder why the physics of the metal transfer in GMAW is not 
well understood. Furthermore, because of the difficulty in establishing the mechanisms 
responsible for droplet detachments, there have been a great number of suggested possible 
mechanisms. Table 6 presents some of the many mechanisms suggested by various 
authors as responsible for metal transfer. .
From the information in Table 6 on GMAW forces, one can see that the history into 
metal transfer in this type of arc welding dates back to the 1940’s [2,57]. Thereafter, many 
investigations are primarily concerned with the gas shielded processes, such as GMAW. It 
is also evident, from the number of various theories that have been advanced, proposed and 
counter-proposed, that there still exists a great difference of opinion as to which forces 
dictate the transfer of metal detachment. As well, because of the difficulty involved in 
establishing the mechanisms that regulate the process, a great number of these suggestions 
are only of a qualitative nature and have no real application. Thus, no complete 
understanding of GMAW metal transfer has been realised.
However, from these conflicting views, the literature survey revealed that many 
contributing factors affect the metal transfer in GMAW. Above all, the forces that most 
authors seem to agree on are surface tension, gravity, electromagnetic and plasma 
aerodynamic drag forces. Other factors which are known to affect GMAW metal transfer 
are presented in Table 7.
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l ì  LA N CA STER IF  Til :  SURFACE TENSION, GRAVITY,PLASMA AERO-DYNAMIC 
DRAG, ELECTROMAGNETIC, PINCH INSTABILITY
2Ì JO H N SO N  IA , CARLSON NM, ET AL. T271: SURFACE TENSION, 
GRAVITY, ELECTROMAGNETIC, SURFACE TENSION (STORED) ENERGY, PLASMA 
AERO-DYNAMIC DRAG
3) LIU  E T A L . T321:GAS EVOLUTION IN DROPLET 
4Ì LA N CA STER T121: PINCH INSTABILITY
5) SM ARTT HB. EIN ER SO N  C.T f28l :  MASS FLOW STEADY STATE MODEL 
6Ì U EG U R I ET AL. r i l l :  SURFACE TENSION, ELECTROMAGNETIC PINCH 
FORCE,GRAVITY
7Ì R H E E  ET AL \ 171: AERODYNAMIC DRAG, GRAVITY
8ÌAM SON IC  ET A L .T3.5 .1001: SURFACE TENSION, ELECTROMAGNETIC, 
GRAVITY,GAS ENTRAINMENT
9Ì W A SZIN K  E T A L . F421 : LORENTZ FORCE, GRAVITY, PLASMA DRAG FORCE 
10Ì W A SZIN K  ET AL. T61 : DRAG FORCE, ELECTROMAGNETIC, GRAVITY, 
SURFACE TENSION, PLASMA PRESSURE BELOW DROPLET, ELECTROMAGNETICALLY 
INDUCED FLUID FLOW
H i LARSON T571: VAPORISATION AND CONDENSATION, GRAVITY, PINCH 
EFFECT, ELECTROSTATIC FORCES, ELECTRIC EFFECTS, SURFACE TENSION, GAS 
STREAM FROM WELD ROD COATINGS, PRESSURE ON THE CATHODE SPOT OF THE 
ARC, EXPANSION OF GASES IN THE METAL AT ELECTRODE TIP 
12Ì JA C K SO N  CE T591: GRAVITY, SURFACE TENSION, ELECTROMAGNETIC 
PINCH EFFECT
13Ì LUCAS W . AM IN M T401: EFFECT OF FILLER WIRE COMPOSITION
14Ì W OODS RA T331: EXPLODING TRANSFER DUE TO HIGH VAPOUR PRESSURE
ALLOYING ELEMENTS
15Ì K IM  YS. EAGAR TW  H 6 1 : SURFACE TENSION, ELECTROMAGNETIC, 
PLASMA DRAG, GRAVITY
16Ì LU D W IG  HC T361 : SURFACE TENSION, ELECTROMAGETIC, GRAVITY 
17ÌKIM  YS. EAGAR TW  T81: SURFACE TENSION, ELECTROMAGNETIC, PLASMA 
DRAG, GRAVITY, TAPERING EFFECT ON SURFACE TENSION
18Ì NEEDHAM  IC . ET AL. T141: SURFACE TENSION, PLASMA DRAG, 
GRAVITY, PINCH EFFECT
19) W A SZIN K  IH . VAN DEN HEUVEL IP M  T941: MASS FLOW MODEL
20) N O R R ISH  J  T311: GRAVITY, AERODYNAMIC DRAG, ELECTROMAGNETIC, 
SURFACE TENSION,VAPOUR JET FORCES
21) V an A D R IC H EM  f 1321 : GRAVITY, SURFACE TENSION (i) isothermal or (ii) 
with temperature gradient, ELECTROMAGNETIC FORCE, ENTRAINMENT DRAG, 
VAPOURASATION AND CHEMICAL REACTIONS (‘recoil’ and ‘extrusion’), GAS 
ERUPTIONS
TABLE 6: List of forces and the authors that have proposed them in the field of metal
transfer in GMAW.
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1 Wire feed rate
2 Shielding gas (type, gas pressure, ionization and oxidization qualities).
3 Vaporization of oxides (fumes produced)
4 Composition of wire electrode
5 Welding current and current density
6 Arc voltage and its fluctuations
7 Droplet shape, wire shape and size
8 Electrode polarity
9 Electrode extension (and "stick-out")
10 Electromagnetic force (Lorentz force and variation of pinch force along 
electrical conduction zone)
11 Gas and plasma drag force
12 Temperature and temperature variation across arc
13 Surface tension
14 Viscosity and fluid flow
15 Gravity
16 Drop velocity and acceleration across arc (related to plasma drag force)
17 Convection and radiation
18 Buoyancy in weld pool
19 Arc root behavior
20 Electron and ion flow
21 Electrode sheath effects
22 Thermoionic emissions
23 Welding (travel) speed
TABLE 7 : Factors which affect the metal transfer in GMAW process 
(the variables which can be controlled by a GMA Welder are the gas mixtures, wire feed 
rates, current density deposition rate (wire size), arc voltage, stick-out and travel speed.
[4]). __________ _ _ _
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Only some of the parameters presented in Table 7 may be controlled by the welding 
operator using this process. The operator may control the current (by adjusting the WFR 
unit), the voltage, electrode size and type, tip-to-work-piece distance, weld joint position 
and shielding gas composition and flow rate. During welding, the travel speed and gun 
position may also be altered to follow correct welding procedures. Of course, all these 
variables will affect the factors in the Table 7, eventhough some will be beyond direct 
control by an operator.
To consistently obtain high quality welds one must realise that control and correct 
setting of these adjustable variables is essential. These variables are set only after one has 
considered the metallurgical structure and composition of the material being welded, base 
metal thickness, quality required and power source available.
It is worth noting that the modes of metal transfer that will be considered in this 
study only occur when steel is the welding material and the shielding gas has a very high 
argon content. When using other materials and shielding gases the transfer modes can be 
quite different. For example, the utilization of helium, nitrogen or carbon dioxide as 
shielding gases usually introduces the repelled mode and do not show streaming or 
rotational modes. For these reasons, initial investigations will be conducted on steel 
electrodes using argon rich shielding gases.
3.4 TRA N SITIO N  CURRENT:
It is the opinion of many [1,9,14,17,35] that there exists a critical current value that 
dictates the ‘transition’ from globular to spray transfer and hence this current is called the 
‘transition current’. Below this current large droplet globular transfer and low droplet 
detachment rates are encountered. Above this value droplet size decreases dramatically 
and, consequently, droplet transfer rates experience a rapid increase.
Previous authors have plotted the droplet sizes (or the droplet detachment 
frequencies) against the welding current and have concluded that there is a point that 
exhibits a sharp change in the slope of the graph. This sharp change means that the droplet 
size shows a great decline or the detachment frequency shows a great increase over a 
relatively narrow current range.
The value of this transition current changes with wire diameter. For a given wire 
size the transition current can be reduced or increased by altering the electrode extension, 
electrode material, polarity and electrode additives.
Although a detailed analysis is not available, it is clear that this phenomenon takes 
place. It has been put forward many a time that transition current is directly related to taper 
formation. Pintard [96] determined a transition current of 190 amperes for a 1.2 millimeter 
steel wire in argon. Rhee et al. [17] reported a transition current in the vicinity of 250 
amperes for a 1.6 millimeter steel wire in argon. Kim et al. [17] verified the result for the 
1.6 millimeter wire under similar conditions. These are very important figures as the 
process application involves this transition whose presence is paramount to GMAW metal 
transfer.
Some have argued that the transition is a sharp one [35] but it is generally perceived 
to be a gradual mode change [8,10,138]. . . . .  .
The transition is really one that sees large droplets decreasing in size with increasing 
current until the droplet size becomes roughly the electrode diameter. Past this current 
value, eventhough it cannot be said exactly when, droplets smaller than the electrode size 
are encountered and a taper starts to evolve (for steel in particular). The taper increases in 
length as current is increased. Since the exact point of the beginning of this transition is not 
well known, various criteria have been developed to help identify it. Some believe it to be 
when the droplet accelerations are above those provided by gravitation [1]. Others have
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argued that it is when the plasma starts to exert a significant pull on the droplets [14]. 
There is also the proposal that it is the ratio of surface tension to the electromagnetic force 
that dominates this transition [94]. Whatever the case, this study will accept the traditional 
method of identifying the transition current as the point where the droplet detachment 
versus current curve presents a large change in slope or when a taper is observed.
As a rough guide to the transition current for various wire sizes of steel and 
aluminium in argon rich mixtures Table 8 is provided.
E lectrode D iam eter 
(m m )
S teel-A r+ 2%  0 2 
(am ps)
A lum in ium -A rgon
(am ps)
0.8 160 ± 5 90 + 5
1.0 185 ± 10 100 ± 5
1.2 220 ± 10 120 ± 10
1.4 235 ± 15 130 ± 10
1.6 275 ± 20 170 ± 15
2.0 310 ± 20 —
2.4 370 ± 25 —
TABLE 8: Approximate arc currents for transition from globular to spray metal transfer. 
The transition current varies with electrode extension, alloy content, shielding gas etc. [97].
3.5 ARC FO RCE AND PEN ETRA TIO N  IN GM AW :
It has frequently been assumed that the penetration in welding results solely from 
the arc’s pressure on the molten pool which depresses the liquid surface to the observed 
penetration depth. Some investigators have shown otherwise [1,39,84]. Weld penetration 
into the base metal in GMAW is largely dependent on the momentum, heat content, and the 
rate of metal droplets impacting the weld-pool. The molten droplets enter the weld-pool and 
their heat is convected deep into the pool of molten metal..
It is therefore of great interest to study GMAW metal transfer as it determines the 
final shape and influences the qualities of the weld. Essers and Walter [39] have shown 
that the penetration depth in GMAW is related to the drop frequency and average 
momentum of the transferring droplets. When initial droplet velocity at detachment is 
assumed to be zero, the acceleration of the droplets across the arc may be found by solving 
the following simple equation of motion :
^d ro p le t  ̂ droplet = + Fdrag gravity
equation 3.1
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where m droplet is the droplet mass, a droplet is the observed acceleration of the droplets 
across the arc, Fdrag is the plasma aerodynamic drag, and Fgravity is the gravitational force.
From this one may also obtain the droplet’s velocity, providing the distance or the time of 
travel across the arc is known. This equation is essentially the hypothesis that was first 
suggested by Needham [14] which states that plasma drag force plays a larger role with 
increasing current as the momentum dependent penetration also increases with current. 
Figure 32 illustrates the above views.
Thus, metal transfer plays an important role in penetration of weld metal because 
the mass and velocity of the metal droplets impacting the weld-pool attribute to the weld 
bead geometry. It is extremely hard to correctly assess the velocity of the droplets at the 
moment of impact since the weld-pool is depressed by a depth which is dependent on 
surface tension and arc pressure (which varies with shielding gas and current). The 
velocity of the plasma needed for a theoretical analysis is hard to find as well (as will be 
shown).
Hence, the values of Essers and Walter [39] can only be serve as rough guide for 
the true velocity of the droplets prior to weld-pool impact and insertion.
More detailed analysis is needed in the interface between the weld-pool and the 
metal droplets being transferred there. The results of the above-mentioned authors is given 
to at least emphasise the importance of droplet transfer to the weld-pool (see Figure 33). 
The remarkable closeness of fit for the graph is a little dubious knowing the erratic nature 
of GMAW, and no consideration for the surface tension and size of the weld-pool (this 
surface tension would act to slow down the droplets on impact) or the weld-pool 
depression is undertaken in their study. _
From this we may deduce that droplet temperature and acceleration across the arc, 
weld pool depression and the number and mass of the droplets impacting the weld pool 
play an important role in weld bead characteristics but a concise picture of what happens is 
not available. The heat absorbed by the electrode is also taken across to the weld pool.
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M O M E N TU M  OF DR O PLET STREAM  
(AVERAGE DRO PLET M O M E N TU M  T IM E S  DROP FREQUENCY, 
kg m/secJ
FIG U R E  33: GMAW penetration in mild steel for spray transfer plotted against
momentum of droplets [39].
3.6 M ELTIN G  RATES FO R FIL L E R  W IRES:
Filler wire melting rates, deposition rates and wire feed rates of the GMAW process 
are all affected by the same variables. Before discussing these they are to be defined. The 
wire melting rate is the rate at which the arc consumes the wire (usually expressed in 
millimeters per second). It may also be expressed in mass consumed over time. 
Deposition rates are a measure of the weld metal deposited, and because not all the wire is 
converted efficiently into weld metal, it is nearly always less than the melting rate. These 
losses are due to fumes and spatter (metal particles expelled from the weld during welding 
that is not part of the weld). Deposition efficiency is the amount of weld metal deposited 
weighed up against the amount of wire used expressed as a percentage. GMAW deposition 
efficiencies are in the order of 95% to 100% (depending on the shielding gas utilised )[97].
Not only does the current control the metal transfer in conventional GMAW, it also 
controls the melting rate of the consumable filler wire. Melting rate is also dependent on 
electrode diameter, electrode extension, polarity and the electrode material properties. A 
pioneer researcher in this field was Leneswich [35] and many have often acknowledged the 
value of this work. It has provided a method of describing the melting rate in terms of an 
empirical relationship. Constants worked out by different authors have differed over the 
years but the basic relationship is shown below.
M R  =  a I  +  b L I 2
equation 3.2
Where MR is the melting rate ‘ a ’ is a constant of proportionality for anode and 
cathode heating. The magnitude of ‘ a ’ depends on polarity and material composition. 
The value for ‘ b  ’ depends on the constant of proportionality for electrical resistance heating 
and includes electrode resistivity (which means electrode diameter is taken into account). 
The electrode stick-out ( or electrode extension) is L .  The welding current is I  [97]. 
Figure 34 is a theoretical plot of the above equation for different electrode extensions.
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FIG U R E  34: Melting rates (actually expressed as a bum-off rate) for a 1.2 mm plain 
carbon steel wire at different electrode extensions. The value for a is 0.3 mmA’V  and b
is 5 x 1CT5 A~2s ~1, both taken from [31]. Our study involved an electrode extension of
around 10 mm (see dashed line).
The first term in the equation is therefore due to the arc heating and the second is 
due to the electrical resistivity of the electrode wire. A close inspection of the equation 
reveals that the first term dominates at low currents with short stick-out values. The second 
term becomes progressively larger as stick-out and current are increased and electrode 
diameter is decreased.
No consideration to how the heat flows is given. Film records also suggest that the 
melting is not constant. It thus serves no purpose but to approximate the melting rate as a 
constant value.
Halmoy [93], Lancaster [1], Waszink and Van den Heuvel [94], Kim, McEliot and 
Eagar [95] and Cooksey and Milner [21] are but a few examples of works that have 
attempted to understand some of the thermal aspects contributing to wire melting. 
Unfortunately, none were successful in realising a complete model of the GMAW melting 
process.
It is known, nevertheless, that neither the shielding gas (which greatly affects the 
metal transfer), arc length nor voltage show a significant effect on the melting rates [97]. 
Jonsson et al. [74] reported that it is very important to control the power of the arc since it 
affects the melting of the electrode. This, like other information found in the above- 
mentioned works, is a valid point whose merits cannot be quantified. Hence, the melting 
phenomena found in GMAW is also an area still in its infancy. The study of GMAW metal 
transfer should then shed some light into the area of melting in this welding process. 
Further interesting reading material into melting in GMAW can be found in References 
[1,31,35,74,95,97 and 137] and is recommended reading into this topic.
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3.7 TH E NATURE OF THE GMAW  ARC:
A welding arc consists of a substantial electrical discharge through a highly 
conductive plasma at high temperature that produces sufficient thermal energy which is 
useful for the application of joining metals by fusion.
Electrical conduction in the arc takes place through a gaseous column whose 
thermally dependent electrical conductivity is comperable to that of some metals. The 
electrical conduction determines the current density in the arc. Actually, Lancaster [1] 
predicted that at the electrode tip the ratio of wire conductivity to gaseous plasma 
conductivity may be as low as 25:1. Away from the tip this ratio may be as low as 250:1 
but there are no experimental values available on this ratio. Judgement on current density 
in the arc is usually estimated by how the arc is seen to attach itself to the electrode and the 
shape of the arc, since it is impossible to ascertain the real current distribution. It is indeed 
a poor guide for actual current density distribution but there is no other means of assessing 
it.
This gas column, the plasma, contains a radiating mixture of free electrons, positive 
ions and, more or less, highly excited neutral atoms and molecules (some may become 
dissociated because of ionisation). The conductivity of the plasma is maintained by thermal 
ionisation, and thus the temperature is high. Molten metal droplets and vapours may be 
found interacting with the arc.
The amount and type of radiation emitted by welding arcs is fundamentally 
determined from the atomic mass and chemical structure of the shielding gas, the 
temperature reached and the operating pressure. The inert gases predominately radiate 
because of atomic excitation and ionisation. As the energy input to the arc increases, higher 
states of ionisation occur, giving radiation from higher energy levels. Figure 35 depicts 
this.
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FIG U R E  35: Equilibrium composition of an argon plasma at atmospheric pressure [1]. |
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Many experts agree that the conditions in the regions of electrical contact between 
the plasma and the electrodes (filler wire and work-piece) are quite different from those of 
the plasma. In both the anode and cathode regions high thermal gradients exist due to the 
fact that the high temperature in the arc must fall to relatively low values at the electrode 
surfaces. Because of this the arc is divided into the plasma, cathode and anode regions. A 
concentration of ‘charge carriers’ in the cathode and anode gives rise to a voltage 
distribution along the arc axis shown graphically in Figure 36.
surface surface
FIG U R E  36: Characteristic voltage distribution along a GMAW arc [1].
High electric fields are present in the anode and cathode regions because of the 
space charge distribution. Self-induced magnetic fields produced by the high currents 
encountered in GMAW compress the plasma to the extent that appreciable axial and radial 
pressure gradients result. A measurable electromagnetic force was demonstrated by 
Stanislav et al. [126] using an electrode on a balance beam. This shows that the arc exerts 
a pressure tending to separate the electrodes. The increasing concavity of the weld pool 
with increasing current also demonstrates this arc induced force.
Temperatures of GMAW arcs have not received as much attention as GTAW arcs 
since the latter welding process uses a non-consumable electrode and therefore are easier to 
analyse. The majority of temperature measurements of these arc columns are done 
spectroscopically [1] and most of these are concerned with the argon shielded tungsten arc. 
A basic illustration of the temperature distribution for such an arc is Figure 37 and Figure 
38 shows the visible spectrum and a portion of the infrared spectrum emanating from the 
same type of arc.
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Normal -  mode Cathode -  spot mode
FIG U R E  37: Isotherm maps of the argon-tungsten welding arc [1].
FIG U R E  38: Radiation spectrum of GTAW -argon arc [97].
Theoretical thermal equilibrium in welding arcs is closely approached but is not 
attained because of radiation, heat conduction, convection and diffusion associated with 
real arcs. That is to say that heat losses are present. Good references in the study of 
temperature distribution for such arcs are References [1,53,54,59,64,69 and 97].
So, for all practical purposes, the welding arc can be looked as a gaseous conductor 
which changes electrical energy into heat. The arc is the heat source for the GMAW 
process and control is via electrical means. It is also a source of radiation and influences 
metal transfer.
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3.8 ELEC TR O D E EX TEN SIO N  EFFECT:
It has been stated that the length of the arc is largely determined by, amongst other 
things, the shielding gas, current and voltage drop across the arc. The effect of electrode 
extension (or stick-out) is also one that influences the arc length, through changes in 
resistivity. If the contact tip to work-piece distance is increased the electrode extension will 
increase because of the self-adjusting characteristics provided by the power source and 
bum-off rates of the filler wire. The electrical resistance of the wire protruding past the 
contact tip will increase and the voltage across the electrode extension will increase. Less 
voltage will now be available across the arc.
All this gives the effect of introducing new parameters to the power source and 
shielding gas operating point. The high conductivity metals (such as aluminium) generally 
do not exhibit this change since the increase in resistivity is negligible. Lower conductivity 
metals (such as steel) do show a marked increase in electrical resistance and thus affect the 
system and redefine the operating conditions.
Electrode extension effect, since it alters the operating point of the system, affects 
the metal transfer and it has been documented by Rhee et al. [17] and Kim et al. [103]. 
Figure 39 shows that the weld bead geometry is affected by electrode extension changes 
which alter the metal transfer.
A B C
FIG U R E  39: Increasing Contact Tip to Work-piece Distance ‘L ^ ^  ‘ increases the 
electrode extension. Above figure shows effect of electrode extension on weld bead 
geometry by change in welding operating point and consequent altering of metal transfer. 
________ (A) Lctwd = 15mm, (B) L ^ p  = 20mm, (C) L ^ p  = 25 mm [103].________
51
CHAPTER FOUR: VISUALISATION TECHNIQUES FOR
GMAW METAL TRANSFER
4.1 LITERATURE SURVEY INTO VISUALISATION TECHNIQUES FOR
GMAW
When attempting to observe metal transfer associated with GMAW one is faced 
with a number of practical problems. These problems arise due to the intensity of the light 
being emitted from the welding arc and the speed of the detaching droplets that travel across 
the arc.
Traditionally, an external light source is used to overcome the intense visible 
radiation produced by the arc. Pioneers in using this method were Willigen and Defize [34] 
in 1953. This external light source has usually been a high power xenon or carbon-arc 
lamp [14]. Employing such a large intensity light for back-lighting purposes alters the 
contrast of the arc and renders the arc profile and metal droplets visible to high-speed 
photographic equipment (providing that proper exposure has been achieved). What it 
essentially does is to produce a background of high and constant brightness. The arc 
should almost become invisible against the background and the metal droplets could be 
filmed in silhoutte.
This conventional solution of using a light source whose power consumption is into 
the category of several kilowatts has been considered as inadequate for very high current 
GMAW observations. It is also generally regarded as an expensive venture due to the high 
cost of such a light. Commercially available xenon, carbon-arc and even tungsten lights of 
high wattage usually require large power units and internal ventilation for heat removal. 
Furthermore, most are large in size, cumbersome to move and a health risk when in 
operation due to the enormous amount of heat generated. Very strong neutral density 
filtering is required for correct film exposure [23].
Nevertheless, one may deduce that it is a well known and tried technique which is 
capable of obtaining very useful information about the metal transfer and arc characteristics, 
providing that severe neutral density filtering does not obscure too much of the arc plasma 
light. Keeping this in mind, this method of visualisation will then prove to be adequate as 
long as the welding machine is not operated above that current that sees the arc light 
becoming too intense for the technique. If one is only interested in retrieving information 
on the arc itself the high power light is not required.
The ‘laser shadow-graph’ or ‘laser back-lighting’ technique has shown some good 
results from past researchers as a method of recording metal transfer in welding arcs. This 
method filters out the arc light and presents a silhoutte of the electrode and detaching metal 
droplets. One of the first recorded uses of of this method for looking through welding arcs 
was by Quigley et al. [115], back in 1971. It, however, was not seen again until the 
appearance of the work of Allemand et al.[23] in 1985 where an apparatus is described that 
uses a Helium-Neon (He-Ne) laser and various filters to remove the arc light (and allow 
only the laser light to carry through to a camera to record what is visible). The apparatus 
works on the fact that the laser’s wavelength of around 633 nanometers is quite different to 
the arc’s own wavelengths, which have already been shown to cover a broad range of 
frequencies.
The cost of purchasing equipment for applying the laser shadow-graph technique is 
widely considered to be inexpensive, with the He-Ne laser and spatial filters being the 
major expenses. Laser shadow-graphing has become the most widely employed method 
for observing metal transfer inside welding arcs. Recent studies at The Universities of 
Sydney and Adelaide have also employed laser shadow-graphing. Past results presented 
by previous authors using the laser method have shown that electrode profile can be 
adequately viewed at all current ranges.
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It is also possible to retrieve information on the arc alone by constructing an 
apparatus similar to those previously employed using a laser and omitting the low band 
pass filter [23]. Examples of application of the laser-shadow graphing technique are 
References [8,16,17,10,32,27,122,95,42,115,131,23,30 and 55] and examples of
floodlight utilisation are References [14,2,33,59 and 37], to name a few.
Apart from the entering the argument of choosing the technique best suited for 
capturing GMAW metal transfer, one is faced with deciding on the most suitable camera. 
Past researchers have used both high-speed video or cinematography equipment.
Over the past five years the general trend has been to utilise video cameras for 
concurrent use with laser shadowgraphing. These high-speed video systems are usually 
able to aquire maximum frame rates of around 1000 per second. Rhee et al. [17] argued 
that video cameras are better suited due to the ‘impossibility’ of working out real time 
imaging, expense and burden to develop reversal film when using high-speed 
cinematography equipment.
Johnson et al. [27], however, clearly proved that these comments were poorly 
founded. Using a Hycam 16 millimeter high-speed camera they were able to correlate their 
film images to their acquired digitised welding parameter data to within 0.18 to 0.2 
milliseconds (that is, to within one frame). This error being a very acceptable one and of 
higher accuracy than that obtained by a video unit. Apart from this, the picture quality 
presented by Johnson et al. [27] is superior to that found in the work of Rhee et al. [17], 
proving that the expense and burden are justified.
Reported droplet rates over the years have varied from 10 to over 350 droplets per 
second as shown by Liu et al. [32] and Rhee et al. [17]. Figures 40 and 41 verify this. It 
is therefore justified to say that cameras which are able to obtain good picture quality at 
very high droplet frequencies will return the very best results.
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FIG U R E  41: Droplet detachment frequencies as current increases for 1.6mm steel wire in
different shielding gases using GMAW [17].
Authors using high-speed cinematography have managed to operate their cameras 
between 3,000 frames a second [11] to over 40,000 frames a second [33]. Increasing the 
frame rate (recording speed) effectively reduces the exposure time per single frame. 
Reducing the exposure time will (in obtaining pictures of fast moving objects) then reduce 
the amount of movement captured per single frame to minimise blurring effects and 
increase picture sharpness and clarity. All of which are desirable effects. From the 
references, in trying to capture images of GMAW metal transfer a suitable frame rate would 
be in the vicinity of 5,000 per second (providing that proper exposure is available in this 
region).
Examples of photographic results fowarded by previous authors studying GMAW 
metal transfer using a variety if techniques are given below.___________________________
FIG U R E  42: High-speed photography of metal transfer characterisics of a 1/16 inch 
diameter aluminium electrode. Pictures taken using a high intensity carbon-arc lamp as 
back-lighting and high-speed cinematography equipment. Taken by pioneers in this field,
Needham et al. [ 1 4 ] . __________________
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FIG U R E  43: Metal transfer of mild steel caught by a Hycam 100 high-speed movie 
camera. Some picture quality was lost when copying images. Electrode diameter is 1.2 
millimeters, machine settings are 350 amperes and 35 volts, electrode extension is 15 
millimeters with argon/carbon dioxide (Ar-20%CO2) shielding [11].
FIG U R E  44: Three major GMAW metal transfer modes. From left to right is globular, 
spray and streaming modes. Hycam 16 millimeter high-speed camera running at 5,000­
5,500 frames a second captured the images in silhoutte when a 25 milliwatt He-Ne laser 
was used as back-lighting. Picture contrast is not the best due to photocopying. Pictures 
attained by the authors were used for drop detachment acceleration studies as well as 
measurements of electrode extension and droplet sizes. Their equipment choice and proper 
operation produced very good results. They are from Johnson et al. [27]._______
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FIG U R E  45: Globular and spray transfer as captured with a Kodak Ektapro 1000 high­
speed motion analyser and utilysing laser shadow-graph visualisation method. The metal 
transfer images were extracted at a maximum frame rate of 1,000 per second. The authors 
were unable to retrieve droplet diameters in the spray region due to poor image clarity and 
so obtained droplet sizes through the traditional method of finding it from the droplet 
deachment period and WFR (this will be explained later). This video equipment is 
therefore deemed unsuitable for large current observations. Pictures are taken from the
work of Rhee et al. [17].
F IG U R E  46: Video and laser back-lighting was also employed in a recent study at the 
University of Sydney. As can be seen in this picture, which is also evident from 
personally viewing their video records, picture clarity is not of a good standard for 
streaming modes and video equipment is not suited to this application. This picture may be
found in references [77] and [122]. ______ ______________
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CHAPTER 5: EXPERIMENTAL EQUIPMENT AND
PROCEDURES
5.1 EQ U IPM EN T
The experimental equipment employed in this study was chosen after taking into 
account several considerations. Firstly, the recommendations in the feasibility study of 
Harvey and Soh [60] on ‘Use of High-Speed Cinematography for Droplet Transfer 
Analysis’ and the ‘on-shelf equipment available at The University of Wollongong’s 
Department of Mechanical Engineering were noted. Secondly, information extracted from 
past research papers using various visualisation methods to study GMAW were also taken 
into account. These considerations dictated the ‘on-shelf equipment used and the 
equipment purchased to obtain an adequate means of visualising the droplets associated 
with GMAW.
Table 9 below highlights the specifications of the equipment used for the application 
of both the laser and floodlight techniques.
EQUIPMENT TYPE/SPECIFICATIONS
A. 1 X LASER SPECTRA PHYSICS (Melles-Griot) 
124-B: 15 MW He-Ne laser with 
appropiate power supply
B. 1 X TRANSLATION ADAPTOR 09LAM001*
C. 1 X SPATIAL FILTER INCLUDES: 09LSF011 Spatial Filter*, 
09LSL005 Focusing Optics*, 09LSP015 
Pinhole Assembly (15jjm  diameter)*
D. 2 X PLANO-CONVEX LENSES 01LPX269/078 with AR coating*
E. 2 X LENS HOLDERS 07LHF014*
F. 4 X POST HOLDERS 07PHL513 (20mm diameter)*
G . I X  MOUNTED PRECISION 
PINHOLE
04PPM025*
H. 1 X PINHOLE MOUNT 07MP006 with X-Y adjustment*
I. 1 X LASER BANDWIDTH FILTER 03FIL018 (±3nm, 25 mm diameter)*
J. 1 X FILTER HOLDER 07LH007*
K. 1 X HIGH-SPEED CAMERA nac E-10 high-speed camera
L. 1 X CAMERA LENS Nikon 200mm f4 micro telephoto lens
M. 1 X FLOODLIGHT A RRI200 (tungsten), rating: 2kW
N. NEUTRAL DENSITY FILTERS Various, NDF # ’s 4 & 8 and transparent 
glass
O. 1 X FILM PROCESSOR,
1 X FILM PHOTOCOPIER
BRAY ‘16/35, MINI/MINIR’ black and 
white reversible film processor,
CANON microprinter 90
P. 1 X SLR CAMERA Nikon 801-S, 35mm
Q. 1 X WELDING MACHINE (GMAW) Transmig 350 EC
R. FILER WIRE Autocraft LW-1,1.2mm diameter
S. SHIELDING GAS Argoshield 40,50,51
TABLE 9 : Equipment used in this studv for visualising GMAW metal transfer. The ‘ 
denotes part numbers from the Melles-Griot ‘Optics Guide 5’ catalogue [113].
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Pictures 1 and 2 are pictures of the various pieces of equipment employed in this
study.
PIC TU R E 1: Loading 16mm film into the nac E-10 high-speed camera. The equipment 
in front of the camera is that used for laser backlighting. One can also see the GMAW gun
nozzle.
ibLAioix iwMuntuuniRb STSIHR
PIC T U R E  2: Equipment set up for laser backlighting. Refer to Figure 50 (a shematic 
diagram of this picture) for a better understanding of the components.________
5.2 O PER A TIO N  O F nac E-10 H IG H -SPEED  CAMERA
Several types of high-speed cameras exist with different recording methods, speeds 
and prices. Images may be recorded on film or on video. Most previous researchers into 
GMAW metal transfer operated film cameras at frame rates exceeding 5,000 Frames Per 
Second (FPS), particularly when recording spray transfer [eg. 14,27], and explosive 
transfer [eg. 33]. The nac E-10 camera is able to operate up to 10,000 FPS (20,000 FPS 
with 1/2 frame or 40,000 FPS with 1/4 frame apertures, respecctively). However, frame 
rate is not the only important factor for attaining good picture quality. Proper film exposure 
will also need consideration.
The nac E-10 is a rotating prism type camera. Figure 47 shows the internal 
functional components of the camera. The film is constantly moving and the image is 
consequently ‘swept’ onto the film by the rotating prism (follow the components in Figure 
47 from 1 to 7 to see the light passage to the film). This is possible since the film drives, 
rotating prism and the shutter are all synchronised.
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There are various different accessories to the nac E-10 camera which must be used 
correctly whilst adhering to the proper operating procedures. If these procedures are not 
followed, top quality results will not be attained. The various accessories include such 
things as several choices of rotating prisms (4, 6 and 8 sided), rotating disk shutters (K5, 
K20, K40 and K80) and condenser lenses, to name just a few. All these must be selected 
properly prior to filming and one must abide to the recommendations of the manufacturer.
For example, if the object to be recorded moves or changes shape rapidly (as in 
GMAW) the image may come out blurred. One can combat this problem by either 
increasing the recording speed or the disc shutter constant to effectively decrease the 
exposure time. This relationship is as follows
T  = -----
R K
equation 5.1
where T is the exposure time, R is the recording speed in FPS and K is the shutter constant 
(dimensionless). *
5.3 SELECTION OF RECORDING SPEED (AN ESTIMATE!
The determination of the recording speed plays an important part in filming a 
moving object at high speed. If the recording speed happens to be lower than the correct 
speed, the moving object will produce a blurred image because the object will make large 
movements during the film exposure. If it is higher than that required, a sharp image of 
good clarity will be produced. However, consideration must also be given to the film 
length and the total recording time as higher speeds mean reduced recording times.
Recording speed is given by the equation below.
_ M V  cos pR  —------------
K d
equation 5.2
where R is the recording speed as before, M is the magnification, V is the event moving 
speed in millimeters per second, P  is the direction of movement and angle of event with 
respect to the film plane, K is the shutter constant and d is the acceptable image blurr 
(generally assumed to be 0.02 to 0.05 millimeters).
As is evident from the above equation, simply increasing the shutter constant will 
mean a slower recording speed can be used and hence recording time is extended.
From Waszink et al. [94], Lancaster [1] and Essers et al. [39] we know that the 
metal flow down a taper and the droplet velocity across the arc in GMAW is roughly 1 m/s 
(that is, V is 1,000 mm/s). Magnification with our set-up varies between 0.25 to 5 but, to 
avoid excessive spatter build-up close to the lenses, a magnification of 2 is normally used 
(that is, M is 2).The angle p  is 90 degrees, giving a cosine value of one. The shutter 
constants available are the K5 and K40, and d is accepted to be 0.02 millimeters.
One can also do an estimation for V from the reported data of Kim et al. [8]. For 
the detached droplet we have
^droplet =  g +
3 P  ^plasma ̂ 'D
^  Pdroplet ^d
equation 5.3
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where everything is as described in Section 6.3.5. Kim et al. [8] recorded droplet sizes for 
currents between 164 and 304 amperes. From their data and following a similar treatment 
to Lancaster [1] (Section 6.3.5 also offers an insight into this topic) for droplet acceleration 
across the arc one obtains the following results:
CURRENT (Amps) 164 304
DROPLET RADIUS (cm) 0.221 0.0384
V ,™  (m/s) 93 173
(m/s) 46.5 86.5
Reynold’s Number 60.5 19.5
Drag Co-efficient 1.39 2.65
Acceleration (m / s 2 ) 14.5 188.7
TABLE 10: Estimation of droplet velocity across arc from information found from Kim et
al. [8].
For these values, the acceleration of the droplets at 164 amperes is 14.5 m /s2 and 
for 304 amperes it is 188.7 m /s2. These are, of course, rough estimates but Quigley et al.
[115] have reported accelerations up to 300 m /s2. See Section 6.3.5 to find that the 
estimates are of the right order of magnitude.
For zero initial velocity, using the basic equations of motion and assuming a droplet 
travels an arc length of 10 millimeters, the final velocities prior to weld-pool impact for the 
low and high amperage ranges are, respectively, 0.17 m/s and 0.61 m/s. The figures then 
agree that 1 m/s is a good estimate for V.
Thus, the recommended minimum recording speed is 2,500 FPS when using the 
K40 6-slit shutter with the 4-sided prism. This means that any higher speeds will produce 
good quality pictures, eventhough the above rate will suffice. Other possibilities using the 
K5 or K40 shutters are given in the Table below.
SHUTTER CONSTANT M R (FPS)
0.25 2,500
0.5 5,000
K5
1 10,000
2 20,000
5 50,000
0.25 312.5
0.5 625
K40
1 1250
2 2500
5 6250
TA BLE 11: Possibilities of minimum recording speeds using different shutters and
magnification with our optical set-up. __________________
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To operate above 10,000 FPS, the rotating prism must be changed. Doing this, 
however, one must accept a smaller picture size. The following Table shows this. ’
R O TA TIN G  PR ISM REC O R D IN G  SPEED  
C A PA B ILITY  (FPS)
PIC TU R E SIZE (mm)
4-sided 300-10,000 10.3 by 7
8-sided 600-20,000 10.3 by 3.7
16-sided 12,000-40,000 10.3 by 1.8
TABLE 12: The recording speed ranges of different-sided prisms and the corresponding 
picture sizes [114].
In this study, the 4-sided prism and the 6-slit shutter, whose shutter constant is 40, 
are used. The main reasons for the choices lie in following the correct operating 
procedures as specified in the nac E-10 camera operating manual [114] and the picture size 
is adequate in also capturing the arc characteristics, if needed when using the floodlight.
The welding arc is a very bright source of light, and when coupled together with the 
2 kW floodlight, it means that the intensity of the light travelling inside the camera to the 
film is very high. Therefore, one must also consider the problems that may arise from 
improper exposure due to the light. When using the floodlighting technique the frame rate 
was chosen by performing a weld run and observing the camera’s in-built exposure meter. 
This gives one an idea about the average light reaching the film. This trial and error method 
worked quite well after initial sorting out.
The short-circuit mode required one stop of under-exposure on the in-built 
exposure meter. Globular and spray modes showed the best results on neutral exposure. 
The recording speeds were, of course, all above 2,500 FPS.
The laser back-lighting technique required one or even two stops of over-exposure 
since this gives a dark background on the reversal film which is very desirable for this 
visualisation method.
As one can see, the methods described for correct light exposure were very much 
trial and error but the quality of the 16 mm movies are the result of good exposure 
consideration and proper operation of the camera.
5.4 SYNCH RONISING OF GM AW  PA RA M ETER DATA LOGG IN G W ITH
CAM ERA
With the nac E-10 camera recording time is very short. The time of each individual 
exposure is even shorter. Recording the GMAW metal transfer is not a problem. 
However, since the welding test-bed used in this study had the capability of data logging 
the important electrical signals which affect the metal transfer it was decided to try and 
correlate these signals with the film records by utilising the camera’s ‘event synchroniser’ 
capability.
Since the recording speed is high, automatic synchronisation is required. There are 
two event synchroniser modes in-built into the nac E-10’s controller box. This study used 
the ‘pre-start’ mode when the event (start of data logging) was initiated after starting the 
camera. The camera is started and after running a certain pre-determined length, a signal is 
present at the ‘EVENT SYNC OUT’ receptable (it also lights up the ‘EVENT SYNC OUT’ 
light emitting diode (LED)) and is picked up to start real time data logging at a set sampling 
rate (around 5 kHz).
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The length of film chosen to initiate data logging was taken as that needed for the 
camera to accelerate to the desired operating speed. Figure 48 shows the length of film that 
the camera needs to speed up to a certain frame rate. For example, if the camera is to be 
run at 5,000 FPS it runs through roughly 11 metres to accelerate the camera to this speed.
MODEL E - 10 RECORDING SPEED CHARACTERISTIC DIAGRAM
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FIG U R E  48: The recording speed characteristic diagram for the nac E-10 camera at the 
settings used for this study (4-sided prism, 30.5 metre film reels with 3-phase, 240 V input
power supply) [114].
Furthermore, if one is using the ‘EVENT SYNC OUT’ mode, a signal will also be 
sent to the camera when the desired length of film has been reached. To determine the 
precise point of the start of data logging, a flashing LED exposes the film frame edge at the 
same time that the signal is sent out of the ‘EVENT SYNC OUT’ receptable to the 
computer. On the other side of the film edge is a ‘timing mark’. In this study the ‘time 
mark’ was set at 1,000 Hz (100 Hz is also available but not recommended for our 
purposes). The camera’s in-built timing pulse generator operates the two LED’s and thus 
allows high precision recording speed calculation.
The recording speed, R in FPS, can be deduced from
~R =  N x F ]
equation 5.4
where N is the number of frames between two time marks and and F is the frequency in
Hertz. Figure 49 reveals what to look for in a film to find the time and event mark
positions.
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FIG U R E  49: Position of event and time marks produced by the nac E-10 high-speed
camera [114]. ______
Hence, the digital data can be correlated to within one frame of the recorded metal 
transfer. For example, at 5,000 FPS the data may be correlated to within 0.2 milliseconds. 
This is indeed a powerful tool if a frame by frame analysis is sought as electrical parameters 
change during the process. The point where the event time mark is present on the film is 
50.6 millimeters in front of the centre of the corresponding exposed picture frame. As is 
seen in Figure 49, this is because the LEDs and the rotating prism are housed in different 
places around the film spool. This length difference must be taken into account in terms of 
the time difference between the two places to obtain the real time of a certain picture frame.
5.5 EXPERIMENTAT, SET-TIP
The following offers a brief outline on the equipment used for experiments in this 
visualisation study.
5.5.1 LASER SHADOW GRAPHING TECHNIQUE
The laser shadow-graphing method is employed using a Spectra Physics (Melles- 
Griot) 124-B 15 mW He-Ne laser (with an appropriate power source) along with related 
optical equipment. The laser source is expanded after passing through a 0.0015 mm 
pinhole with a 3-dimensional adjustable spatial filter and a AR coated plano-convex lens of 
40mm in diameter. With the colhmated light directed at the arc, a shadow or silhouette of 
the electrode and droplets is made, hence the name ‘shadow-graph’. '
The laser light then passes through a focusing lens (that is exactly the same as that 
used to expand the beam) and, to enhance image quality, another pinhole of 1 mm in 
diameter was placed between this focusing lens and the image plane. The arc light that 
manages to pass through the pinhole is then filtered by a laser band width filter of 3 nm 
which is centered at 632.8 nm (the laser’s wavelength) and is 25 mm in diameter.
Behind the optical equipment sits an nac E-10 high-speed camera to pick up the 
images of the metal transfer and is operated between 1,000 to 6,000 FPS. The speed that 
the camera is set to run is dependent on the considerations of event speed followed by 
correct film exposure setting.
The controller box is utilised to run on the ‘EVENT SYNC OUT’ mode to trigger 
real time data logging and allows synchronisation between film frames and associated 
electrical signals. Time correlated film images can be found in Appendix 7. This indicates 
that time correlation is possible. However, a complete analysis of this is beyond the scope 
of this thesis.
Figure 50 graphically shows the equipment set-up. Picture 3 illustrates some 
photographic results from this visualisation technique. Picture 3 is not an example of time 
correlated film images. Other such examples may be viewed in Appendices 1 and 2.
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FIG U R E  50: Experimental set-up for laser shadow-graphing technique using nac E-10 high-speed camera.
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P IC T U R E  3: Results obtained from laser backlighting and nac E-10 camera. Pictures have not been touched up and their quality is 
very good. From left to right the wire feed rates are 60, 80, 100, 120, 150 mni/s, respectively with Argon / 5% C 0 2 / 2.5% 0 2 
(Argoshield 50). Electrode is a 1.2 mm Autocraft LW-1. Droplet size decreasing as current increases is easily depicted here. Fuzzy 
areas in the background are created from dirty lenses and protective glasses, fumes and also from the temperature gradients in the arc 
_____________________ attributing to bending of the laser beam. See Appendices 1 and 2 for more pictures.
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5.5.2 FL O O D L IG H T IN G  TECHNTOTTF
The conventional solution of flooding the arc area of interest with a high intensity 
light source was also investigated.. Both with a Nikon 801-S 35mm SLR camera and the 
nac E-10 high-speed camera.
5.5.2.a FL O O D L IG H T IN G  TECH N IQ U E W ITH  SLR CAMERA
The method is applied utilising a 2 kilowatt tungsten-arc floodlight which is placed 
on one side of the welding apparatus and centered on the plane containing the area of 
interest (the area containing the welding gun). A Nikon 801-S 35mm SLR camera with a 
200mm f4 micro telephoto lens were placed on the other side of the welding apparatus. In 
front of the telephoto lens attached to the camera neutral density filters and a protective 
transparent glass were also placed to obtain the required exposure and to protect the 
equipment from spatter, respectively. Initially, this camera was used as a means of 
reducing costs while searching for the most appropiate neutral density filter combination for 
use with the high-speed camera. To obtain the the desired exposure setting a welding run 
is made whilst one observes the exposure meter on the camera’s liquid crystal display. 
This allows exposure to be adjusted without subjecting one’s eyes to the arc’s radiation 
which is damaging to the naked eye.
Use of this camera proved most invaluable as it produced, after some trial and 
error, excellent results where droplets were clearly visible. As well, some shots provided 
additional qualitative information on the arc and gas pressure on the weld-pool. Employing 
the SLR camera saved hundreds of dollars due to two facts. Firstly, this film is much 
cheaper to purchase and develop than the 16mm cinematography film. Secondly, one is 
able to try many different filter and lens settings with a single roll, whereas the high-speed 
camera only allows (at most) two takes per roll of film.
The combination of this camera and visualisation technique not only helped to 
deduce the right operational parameters but it also produced some very exciting pictures of 
droplet detachment. Appendix 3 contains various shots captured by this visualisation 
method. Picture 4 is one of the results.
5.5.2.b FL O O D L IG H T IN G  TECH N IQ U E W ITH  H IG H -SPEED  CAM ERA
After ascertaining the best combination of filters, the method described in the 
preceding section was also used by replacing the SLR camera with the nac E-10 camera. 
This produced magnificent movie film records of the GMAW process. Various film 
records were made in black and white as well as in colour. By far the best results were 
from the colour films.
Black and white films for both the laser shadowgraph and floodlighting techniques 
were developed by the author at the University of Wollongong using a Bray ‘16/35 
Mini/MiniR’ film processor. Furthermore, the colour films were professionally developed 
and their superior quality is probably attributed to this. The only drawback with the colour 
films is that image transfer to video results in loss of picture quality since most video 
cameras are unable to accept too many contrast differences.
At the current and voltage settings reached during the experiments, using this 
visualisation method, the colour films show droplet sizes, electrode profiles and arc shapes 
that are quite visible.
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PIC T U R E  4 :  Example of floodlight with SLR camera and Nikon 200mm f4 micro 
telephoto lens. Electrode is a 1.2 mm Autocraft LW-1 and Argon / 5% C 0 2 / 2.5% 0 2 
shielding gas is used. V0=29.5 V, WFR=3.7, 2 NDF (n#8). Other examples are found in
Appendix 3.__________________ _ _____________
CHAPTER 6: MATHEMATICAL MODELING ANALYSTS 
OF GMAW METAL TRANSFER
6.1 LITERATURE SURVEY INTO GMAW METAL TRANSFER
THEORIES:
Previous researchers have shown that GMAW metal transfer has been well 
documented in terms of the general features that arise as welding parameters are changed. 
From these it is also quite evident that the system is physically very complicated and no 
complete analysis is available. The lack of understanding on the detailed physical 
behaviour of the important aspects of GMAW is a major contributing factor to this void in 
GMAW knowledge. Nothing really is known on why the melting of the electrode takes 
place like it does nor the location of current conduction paths as droplets grow in size 
whilst being attached to a constantly disturbed arc plasma.
The problems which hinder getting a closer look at the process have already been 
discussed and it is clear that mathematical modeling may lead to a solution or at least 
provide an approximation that should yield a better understanding.
A multitude of factors that influence GMAW metal transfer were shown to exist and 
many proposed theories that try to explain the observed melting behaviour have been 
presented. Of all these theories only three are normally agreed to as having some merit for 
explaining what happens to the filler metal wire. These are the ‘Static Force Balance 
Theory’, the ‘Pinch Instability Theory’ and applying ‘Steady State Modeling’ to GMAW 
by considering the electrode melting and transfer as a mass flow.
Closer inspection of the theories will now be undertaken.
6.1.fa) THE STATIC FORCE BALANCE THEORY:
The Static Force Balance Theory (SFBT) [1,5,6,7,8,9,16,27,31,42,100] has 
found extensive use and scrutiny by many authors. It offers very good estimates in the 
pre-transition current region where globular mode of transfer dominates. However, it does 
not provide good estimates in the spray mode region. The theory basically ignores the 
mechanism responsible for detachment (that is, melting) and detachment is assumed to take 
place immediately after the increasing forces on the growing droplet reach a limiting 
equilibrium.
There are only four forces which most authors agree on as those being most likely 
to affect metal transfer. These are the surface tension, gravity, electromagnetically induced 
‘Lorentz’ force and the plasma-aerodynamic drag force. The attaching force is usually 
recognised as that resulting from surface tension and the other three act to detach the droplet 
from the electrode tip. It is only when the attaching force is exceeded by the sum of the 
detaching forces that droplet growth cannot continue.
Eventhough the GMAW metal transfer process is a dynamic one, when viewing 
films on this topic, one can recognise that the point where droplets detach can nearly 
always be considered as stationary. This implies that the area of interest may be taken as 
being at zero velocity, and therefore the forces acting on the droplet are static in nature. It 
should then not matter if droplet detachment rates are high (spray transfer) or low (globular 
transfer) since there would be very little time for the forces to vary greatly past the point of 
force imbalance. _
A full description and analysis of this theory will be conducted in this study to 
explain the nature of the above-mentioned forces and a simple mathematical model will be 
presented to predict the observed behaviour of the electrode tip.
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This theory is generally applied to argon rich mixtures when considering steel or 
aluminium. The reason for this is that little is known on the arc root behaviour when 
helium, or other gases such as carbon dioxide are used (carbon dioxide also exhibits 
dissocation and re-combination of molecules and this is known to greatly affect the transfer 
of metal). As well, other types of attaching forces are thought to play part in the 
detachment process when other shielding gases are utilised.
Eventhough it is generally accepted that arc root conduction zone should not be 
taken to be the visible arc attachment to the electrode tip, it is the only means of assessing 
the current distribution and this is easily seen on steel-argon systems. As will be shown, 
the many uncertainties associated with the GMAW system eventually leads any Static 
Force Balance Theory application to merely providing an approximate solution.
Furthermore, once more is known about the arc root behaviour, dissociation of 
molecules and other presently unexplained phenomena in other GMAW. shielding gases, 
this theory can be applied to any other system if the correct forces are identified. For the 
moment, more is known and documented about the steel-argon and aluminium-argon 
systems.
For the reasons presented so far, this study will limit itself to the steel-argon system 
and any assumptions will be based on the observations and conclusions of other authors.
6.1Tb) TH E PIN CH  INSTA BILITY THEORY:
The Pinch Instability Theory [1,8,9,12,101] is based on the ‘Rayleigh Instablity’ 
model of a liquid cylinrical column. In fact, ‘it was an analytical study of the collapse of a 
liquid jet in the varicose region’ [1]. This approach falls short of expectations as it only 
predicts reasonable estimates for droplet sizes in the spray mode region.
If GMAW metal transfer did abide to this treatment, the physics of metal transfer 
would be similar to water dripping or flowing from an orifice (see Figure 47); except that 
the forces driving the fluid flow would also depend on electromagnetically induced rather 
than solely depending on gravitational forces.
I
(a )
FIGURE 51: (a) Idealised jet break-up of water from an orifice according to Lord
Rayleigh’s model with no satellites, with (b) and (c) depicting break-up as it actually occurs
[68].
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It is certainly a bold move to suggest such a model for GMAW, as there are still 
some uncertainties (see figure above) even when the model is applied to a water analysis 
that is a simpler case in terms of the known forces acting on it.
Credit must also be given to Murty (see [12]) for being the first to apply Rayleigh’s 
model to the combined effect of an axial current flow and an external magnetic field to 
account for the pinch-effect phenomena encountered in GMAW [12]. Pinch instability is 
given a thorough review in Lancaster’s ‘The Physics of Welding’ [1]. The main idea 
behind this droplet detachment analysis is that droplets have lower free energy than would a 
liquid column. Therefore, a pertubation of the proper wavelength (shorter than a critical 
wavelength) would promote the liquid column to break up into droplets.
In the metal transfer in GMAW one is faced essentially with fluid flow. This in 
turn means mass and heat flow. There are three laws of physics that govern mass and heat 
flows; the laws of conservation of mass (equation of continuity), of conservation of 
momentum (momentum equation) and the conservation of energy (energy equation). If one 
is only concerned with mass flow (as is normally the case considered in GMAW metal 
transfer), only the continuity and momentum equations need to be considered.
The pinch instability theory utilises these two equations; it assumes 
incompressibility for the continuity equation and considers the changes in momentum, 
changes in pressure, viscosity, gravity and electromagnetic (Lorentz) forces in the 
momentum equation. Lancaster’s treatment of the pinch instability theory also lists various 
assumptions about these forces in the manner they are applied. In fact, Lancaster’s 
analysis of this theory over simplifies the actual physical processes going on and it treats all 
the filler metal wire as having the same density. In reality this is not the case as the 
temperature differences along the electrode tip do not permit this.
Lancaster is also aware that this theory can only provide a qualitative picture of the 
mechanism of detachment (mainly due to the above-mentioned constrictions) and that the 
limitations of the theory require further close inspection. Figure 52 illustrates the assumed 
geometry of a droplet at the tip of an electrode as related to the sinusoidal perturbation of a 
liquid cylinder.
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The pinch instability, as developed by Lancaster, predicts droplet sizes aross a 
current range by giving the model a sinusoidal perturbation of wavelength A to the cylinder
so that the surface of the cylinder can now be expressed as r  = r0 + £cos —  z .  Where e
U ;
is the amplitude of radial perturbation in the liquid cylinder. The assumed length of the 
droplet is taken to be 0.8 A and the droplet length is ’n ’ times its radius.
This leads to an expression for the critical wavelegth, Ac , that will be responsible 
for droplet detachment;
2 n r
2 k 2R j
equation 6.1
If one follows the analysis of Lancaster’s model [1,12], an expression for droplet 
size can be found to be the one below;
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equation 6.2
Where R e is the electrode radius, y is the surface tension, I  is the current, and j i Q 
is the permeability of free space. Therefore, if the ratio ‘n’ between the droplet’s length 
and diameter is known, the above equation will give the droplet radius. However, this 
ratio n has no fixed value and for low values of current the equation is very sensitive to 
values assigned to n. Unless this ratio is known the equation is of little use. This theory 
does not allow for plasma induced drag forces either.
It may well be that, at around the streaming mode (when a long taper resembles a 
cylindrical column), the theory may be applicable at high currents. However, the theory 
fails to explain the effect of varying important parameters that significantly affect metal 
transfer. For example, it is well documented that the type and chemical activity of shielding 
gas greatly affects the metal transfer [1,8,17,59,97,101] and no consideration at all is given 
to this parameter in this analysis.
If work continues on this theory to try and include all influencing parameters to 
account for the complex interactions found in this welding process (such as the study in 
Reference [101]) it may someday yield favourable results. However, the present day 
progress that this theory has reached is far from satisfactory. It has been presented to 
highlight its application in GMAW.
6.1.(c) O TH ER  N U M ERICAL M ODELS:
Other studies have chosen to ignore the shape of the tip and the size of the molten 
droplets in analysing the metal transfer. Instead, they have chosen to treat the transfer as a 
heat and mass flow. That is to say that the melting of the GMAW consumable electrode is 
described in terms of a steady state model. [28,66,93,94,95]. The aim of these works is
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to ascertain the melting rate for a given set of fixed process parameters. This is then taken 
to be the mass flow of the wire from tip to weld-pool.
GMAW metal transfer contains transient behaviour in terms of thermal and droplet 
formation phenomena. Thus, a steady state model cannot provide a clear indication of what 
is happening in real time. It is therefore not a good practice to allow such models to predict 
heat and mass flows of such an erratic process as GMAW. Smartt et al. [28] and Kim et 
al. [95] recognise the short-comings of this sort of approach but they had hoped that their 
efforts may lead someone else to using their works as guidance in attempts to attain 
complete models of the melting process found in GMAW.
6.2 AN ANALYSIS BASED ON TH E BALANCE OF STATIC FORCES:
Following the Static Force Balance Theory, and only considering those forces 
which are generally agreed as acting on the metal droplets, an analysis will be undertaken to 
provide an approximation for the electrode profile and droplet sizes for pre-transition and 
post-transition current modes (that is, globular and spray modes). This will be realised by 
using a model that somewhat resembles what is seen in studies of GMAW metal transfer.
The mechanisms involved in creating the observed electrode tip profiles will not be 
sought. Rather, this study seeks to provide a more accurate picture into the forces 
associated with GMAW and the mathematical representation of these forces.
As already stated, past research into GMAW metal transfer has returned results that 
greatly diverges in opinion. This study will then attempt to rectify some misconceptions of 
past investigators by reviewing their work and accepting or rejecting their treatment of the 
GMAW process based on a detailed analysis of their contribution in this field.
Hence, it is beyond the scope of this study to obtain a complete solution to the 
various metal transfer modes. If anything, it will be a more complete analysis than those 
that have gone before it to hopefully produce a sound foundation for further refinement into 
GMAW transfer of metal. A revision of the Static Force Balance Theory is applied to 
highlight its merits and limitations.
The analysis will follow the following flow chart:
74
The problem is to identify the forces acting on the detaching droplets. Formulation 
of a mathematical model requires an understanding of mathematical expressions for the 
forces. Obtaining a mathematical solution stipulates that a summation of the forces is 
needed to seek a state of equilibrium since a force balance is sought. Interpreting the 
results will see if the answers are physically possible. Comparing mathematical solutions 
will mean the extraction of experimental data on droplet sizes at different currents. The 
final step of discussion will demonstrate if the assumptions and approximations have been 
correct and reasonable to show if mathematical modeling has been applied with or without 
success.
6.3 FORCES ASSOCIATED WITH GMAW METAL TRANSFER:
The following analysis considers only downward transfer of metal. Many authors 
have envisaged droplet detachment as being due to a balance of static forces. That is to 
say, that the molten metal droplets detach when the detaching forces acting on the droplet 
exceed the retaining forces. Droplets grow in size due to the fact that the wire feed 
mechanism keeps introducing metal into the droplet until an inbalance of forces occurs. 
The forces considered are gravity (F ), plasma drag force (F ), electromagnetic force (F ) 
and the surface tension force (F y ) . The main attaching force is F 7 and F acts as an 
attaching force at low current values (for reasons which will be described later). The main 
detaching forces are the Fem, FD, and F .
6.3.1 The Force Due to Gravity
The force due to gravity, Fg, is given by, F = Volume of drop x drop density x
gravity;
equation 6.3
where r^ is droplet radius, P ^ r0p iet is droplet density and g is the gravitational
acceleration. All dimensions and quantities considered will be in SI units.
It must be realised that there exists an empirical relationship between the mass of a 
droplet hanging before detachment and the mass of a detached droplet which points out that 
pre and post detachment masses are different since some of the liquid is retained at the tip 
of the electrode. However, as will be seen, the number of assumptions and 
approximations that will be made during this study does not warrant the use of this 
relationship. The assumption here will then be that the detached droplet has the same mass 
as the hanging droplet. This means that the remaining volume above the droplet’s 
restraining neck is also assumed to be part of the droplet volume after detachment.
Furthermore, the empirical relationship relates to a liquid droplet hanging from an 
orifice. It has been used by previous authors when a droplet is solely acted upon by 
gravity. The relationship originates back to 1906 and has yet to be verified if this is 
applicable to GMAW. As well, Brodkey [68] shows that the relationship also depends on 
the pressure at the orifice and the velocity imparted on the fluid; both of these 
considerations where not taken into account by GMAW investigators that have utilised this 
theory in their work. Insufficient evidence to clarify if this relationship is applicable to 
GMAW dictates that it will not be used in this study.
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The density of the molten metal droplet is taken to from reference [1] for steel (that 
is, iron) at a droplet temperature of 2,400 Kelvin. The droplet temperature is verified as a 
good estimate from the comparisons made in the Table shown below.
R eferen ces GMAW  drop let tem pera tu re
Lancaster [1] 2400 Kelvin
Waszink and Van Den Heuvel [94] 2700 ± 1 0 0  Kelvin
Essers and Walter [39] Between2100and2170 °C
Ando and Nishiguchi [134] 2150 °C
Waszink and Graat [6] 2400 Kelvin
TABLE 13: Reported droplet temperatures for GMAW steel wires.
Figure 53 is also shown to present the findings of another researcher into GMAW 
droplet temperatures.
F IG U R E  53: Droplet temperature for a 1.2 mm diameter carbon steel wire measured 
pyrometrically in argon shielding found in [137].
______ electrode positive,----------electrode negative
Figure 54 shows that for a droplet temperature in the region of about 2,400 Kelvin, 
a droplet density of 6.5 xlO^ k g /m 3 is a reasonable estimate. The value for gravitational 
acceleration will be 9.81 m /s2
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6,3.2 The E lectrom agnetic (L orentz) Force
The electromagnetic force appears from the current load carrying characteristics of a 
conductor. In the molten liquid droplet at the tip of the electrode, the longitudinal 
component of this force is sometimes referred to as the "Lorentz" force but in a symmetrical 
system the radial components are self-balancing and do not generate any net force [1],
However, this radial pinch or squeezing force must be balanced by a radial pressure 
gradient developed within the droplet. This resulting pressure differential has the 
secondary effect of producing an axial force which pulls the droplet away from the anode 
tip when the current lines diverge to help detach droplets.
Furthermore, the direction of the current lines dictates whether this force acts as a 
detaching or retaining force (see Figure 55). The magnitude of the electromagnetic force is 
obtained from:
F m =  J x Bem — —
equation 6.4
that is, the cross product of the current density (J) and the magnetic flux (B). In particular 
we are only interested in the longitudinal component of this force. Two well-known 
methods that help approximate this force are available. Greene [7] approximates Fem by 
using the formula below (see Figure 56 for clarification of variables):
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equation 6.5
where I is the welding current passing through the drop; j i o is the permeability of free
space whose value is 4 k  x  10"7 N / A 2, rd and re are droplet and electrode radii, 
respectively, with other factors shown in Figure 56.
FIG U R E  55: (A) If the current lines diverge in the drop the Lorentz force which acts 
perpendicularly to those current lines has a component aiding drop detachment. (B) If 
current lines converge, a component of the Lorentz force opposes detachment [21].
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Amson [5] on the other hand uses the droplet radius over the electrode radius ratio 
to find a parameter that is multiplied by the square of the total welding current to determine 
the magnitude of this force.
M  S 6 7  -  I
FIG U R E  57: Amson's theoretical relation between size factor (q ) and relative drop 
size. Fem=q L2 where Id is the current carried by the drop. This is more usually written as 
Fem=qi I2 where I=total current and q is obtained from graph shown above [5].
Figure 57 shows Amson's approximation. To take into account the effect of 
electrode tapering, a parameter (#,) is introduced so one can use the total current in an 
equation for the Lorentz force and it is shown below.
equation 6.6
Amson provides this simple method for approximating the Lorentz force by 
assuming the electrode tip profiles presented in Figure 58.
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A comparison of these two methods of obtaining the Lorentz force will now be 
considered.
Greene and Amson obtained the same result for a current carrying sphere [1]. 
Greene obtained the arc-induced forces from considering the internal forces originating 
within the drop as a result of current flow [7]. Amson, however, came to the same 
conclusion by intergrating the 'maxwell stresses' over the surface of the drop [3,5,62].
Amson’s method is far easier to apply since the arduous task of finding the ‘anodic 
area’ is not needed. Greene’s paper does not, unlike Amson’s paper, disclose an easy 
approach to finding this area. It is interesting to note that it seems that many reports [1], 
[6], [8], and [21] do not apply Greene's method correctly for this reason. That is, as the 
value for 6  (which determines the anodic area where the conduction of electricity takes 
place) cannot be calculated for a given current, guesses are made without a solid foundation 
on their choice. Having a droplet completely covered by the plasma would give the value 
for 6  as around 180 degrees. In the globular mode this is not the case and erroneous 
estimates could be made in this mode region.
It is possible that Greene’s formula is also usually incorrectly applied as previous 
GMAW metal transfer investigators may wrongfully assume that all the welding current 
passes through the droplet. By seeing where the arc attaches itself onto the electrode tip 
when a taper exists one realises that it is plausible that some of the current must be carried 
by the taper (and possibly by the side walls of the unmelted electrode too). Only a small 
mention is found in Greene’s paper (actually in the appendix of Reference [7]) that one 
should only consider that current passing through the droplet (not necessarily the total 
welding current) if his formula is to be used. Previous failure could possibly be due to not 
taking this into account when applying his formula. However, to prove this is beyond the 
scope of this work.
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Amson’s tip profiles are only approximations as Kim et al. [8] and Rhee et al. [17] 
have shown that transition does not start when the electrode and the droplet diameters are 
equal, as Amson assumes. Actually, Leneswich [35] and others have shown (and it has 
already been mentioned) that transition is also affected by various physical parameters. It is 
therefore impossible to know when transition will begin and what the electrode will look 
like at this point.
Thus, it can be said that Amson’s model is the best approximation available for this 
force. His model also assumes constant current density on the droplet surface and a similar 
approach will be taken in this study.
As current increases, so does the Lorentz force on the whole tip but not necessarily 
on the droplets (if current is distributed along the tip). Other reports have assumed that all 
the current passes through the droplet. Amson provides a simple method for 
approximating the forces acting on these droplets. For these reasons, this report follows 
Amson's approximations and assumptions since it is the best available model.
6.3.3 The Force Due to Surface Tension
It has been shown that at lower currents (pre-transition) globular transfer mode 
dominates the metal transfer of GMAW. As the droplet size starts to decrease, due to 
increasing current, to a size close to the electrode diameter the tip starts to develop a taper. 
The majority of previous applications of the Static Force Balance Theory have failed to 
include tapering, examples are [1,6,7,31]. One of the resulting mistakes is that the force 
due to surface tension is taken to be constant. If one adopts a methodical approach like 
Amson [5] to account for tapering, the surface tension is constant up to a point and then 
starts to decrease. Pictures 5 and 6 are shown to indicate the taper shape with the steel­
argon system. The taper length increases with current.
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The retaining vertical component of the surface tension force which acts on a drop 
is given by:
F y  ~  'I 
equation 6.7
where r y is the radius of the neck holding the drop (a clear definition on this parameter 
will follow); and y  the surface tension of the liquid metal. In many applications r y is 
taken to be r e (the electrode radius). This equation is based on droplet formation from 
liquids in capillary tubes.
There are a number of unknowns associated with the surface tension force of a 
GMAW system. The interface between the liquid molten metal and the solid wire is not 
known. The strong temperature gradients along the electrode tip also create a strong 
surface tension gradient because of two reasons, namely, surface tension is temperature 
dependent and the wire contains alloying elements. Substantial analysis is required to 
study the temperature and surface tension gradients at the electrode and this is beyond the 
scope of this study. The value which will then be assigned to the surface tension will be a 
fixed one at an estimated droplet temperature.
Figure 59 helps illustrate this point (it is taken from Waszink et al. [94]). The 
shaded part in the drawings are taken to be the solid wire whilst the unshaded portion is 
depicting the liquid state metal for both (a) globular and (b) spray modes. This study is 
merely concerned in obtaining an approximation, thus it is irrelevant to this study where the 
solid-liquid boundary lies that sees the liquid metal accumulating past the solid wire. 
However, a complete analysis of GMAW metal transfer would demand consideration of 
this.
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Hence, there is some uncertainty as to which value to choose for the surface 
tension. This study will use that for steel (iron) at 2,400 Kelvin (the assumed droplet 
temperature). Keene et al. [104] has found that
y, irm =2.814 -0 .574  x l0 " 3r N / m  for Iron
equation 6.8
where T is the temperature in degrees Celcius.
This gives a value of around 1.4 N / m . Waszink and Graat [6] estimated a value of
0.90 ± 0.05 N / m ,  Waszink and Piena [42] presented a value of 1.0 j / m 2 for mild steel. 
Note that surface energy in j / m 2 and surface tension in N / m  are numerically equal. For 
steel, Kim et al. [95] had a value of 0.9 N / m  and Kim et al. [8] opted for a surface 
tension of 1.8 N / m  and so did De Boer [58]. Lancaster’s [1] choice was 1.2 N / m .  This 
study will use a surface tension of 1.2 N / m . Figure 60 is a plot of Keene et al.’s [104] 
equation.
FIG U R E  60: Plot of surface tension versus temperature for iron as found by Keene et al.
[104].
6.3.4 The P lasm a-A erodynam ic D rag
The plasma drag force, F D, is essentially the drag force associated with a sphere 
immersed in a moving fluid. Providing there is a uniform velocity field,
FP  2 pv2plasmaACD
equation 6.9
where A  is the area presented on the plane perpendicular to the flow of fluid; C D is the co­
efficient of drag; p  is the fluid density; and vplasma is the fluid's velocity.
Furthermore, as can be seen with Greene's model for a current carrying droplet, the 
arc root at the anode does not always cover all of the droplet and the plasma is only 
concentrated below this ‘anodic area’. This has caused uncertainty in the'evaluation of the 
magnitude of F D; it is difficult to ascertain when the plasma starts to exert a significant 
force on the droplet.
The plasma velocity is assumed to range from 10 m/s (for less developed flows) 
to over 200 m/s (for fully developed flows). A less developed flow implies that only part 
of a drop's surface has plasma flowing around it. A fully developed flow implies that 
plasma is flowing all around a drop. Whatever the case, skin friction would indeed exist 
on the exposed current carrying conduction zone but its magnitude would be a very difficult 
problem to estimate.
The density of the fluid is related to the steel-argon arc in this study at one 
atmosphere ambient pressure. The assumed temperature of the arc is 8,000 Kelvin and this
means a fluid density of 6 x 10-2 kg/m? . The method for finding this value is given in 
Chapters 2 and 7 of Lancaster’s ‘The Physics of Welding’ [1].
The velocity of the plasma (that is, the fluid) is one that has caused great confusion 
for past reseachers. It has also managed to cause some confusion in this study. The actual 
current density, the conductivity of a detached droplet, the plasma temperature around the 
anode tip, the true effect of of gas pressure and many other questions remain to be 
resolved. These uncertainties contribute to a lack of understanding in the area of plasma 
velocity.
Plasma velocity and temperature profiles have been documented for Tungsten Inert 
Gas (TIG) arcs, especially in the last ten years. Unfortunately, such treatment of GMAW 
arcs is still forthcoming. Lowke et al. [53] reported maximum velocities in the order of 
300 m/s for a TIG arc at 200 amperes. Lancaster [1] plotted some reported velocities and 
this is shown in figure 61.
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FIG U R E 61: Plots of some reported plasma velocities 7 millimeters from the electrode tip
as a function of current [1].
The various methods for finding plasma velocity are now discussed. The line in 
Figure 61 presented as ‘Maecker’ is obtained from the following equation after assuming 
the current density
equation 6.10
where J  is the current density, and the other symbols are as previously presented. 
The line marked as ‘Squire’ is plotted from
plasma
3Aq/ 2
6 4 7T 2r77
equation 6.11
where r  is the axial distance from the anode tip (7 millimeters) and 77 is the dynamic 
viscosity and the other symbols are as previously presented. The dynamic viscosity at 
elevated temperatures for argon may be found in Table 2.3 of [1].
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Watanabe et al. [19,105] have also presented a plasma velocity equation
equation 6.12
where d  is the electrode diameter and the other symbols are as previously presented.
All of the above equations were used to see if they could be applied to give 
reasonable figures for the plasma velocities to be used in the Static Force Balance Theory. 
Unfortunately, they all fall short of expectation.
Maecker’s solution is good for an order of magnitude guess but the true current 
density and velocity distributions are unknown. Squire’s equation, based on a model of a 
laminar flow jet, gives very large erroneous figures for the plasma velocity as the value of 
‘r ’ decreases. This is especially discouraging as the axial distance close to the droplet is 
associated with a low value for the parameter *r\ Watanabe et al.’s equation is based on a 
very simple model but gives velocities that are about 10 times larger than those reported.
For these reasons, an empirical relationship found in reference [101] is utilised and 
it is -
V  plasma =  20.4 +  0.37/ + 0.0004344/2
equation 6.13
The equation is of the right order of magnitude and it is chosen for its simplicity in 
application. A plot of this plasma velocity as a function of current is shown below. 
Lancaster [1] and Rhee et al. [17] use half the value for their estimated plasma velocity 
across the arc (which they term ‘effective velocity’) because it falls off rather quickly in the 
radial direction. Since the true values of the velocity in the radial direction are unknown, 
this study will not employ the same idea and accept the unkown amount of error in the 
choice when considering droplet detachment. Only after detachment will this effect be 
taken into account.
250
CURRENT
FIG U R E  62: Plasma velocity as a function of current taken from an empirical
relationship in reference [101]._____________________
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The area presented to the plane perpendicular to the fluid flow, A, is simply
A = mj
equation 6.14
In actual fact, the above treatment is incorrect since the droplet has either a 
cylindrical (in globular mode) or a conical (in spray mode) shape attached to it. No 
information is available on such configurations so a sphere is taken to be the best solution. 
Furthermore, the area presented to the flow cannot be taken to be the droplet frontal area 
minus that of the holding neck, as it was applied by Kim et al. [8], since doing this implies 
that the analysis no longer considers the object as a sphere. For a complete analysis into 
GMAW metal transfer a full appraisal of aerodynamic properties of shapes as seen on 
electrode tips will have to be evaluated.
The co-efficient of drag, C D , is related to the drag forces imposed on a sphere in a 
moving fluid. To find this co-efficient one finds the plasma velocity to determine the 
Reynold’s Number, Re. The Reynold’s Number is a ratio of inertial to viscous forces and 
is a criterion which determines the type of flow that will exist around an object. Once that 
Reynold’s Number is known, the co-efficient of drag is obtained from the graph of C D as 
a function of Re for a sphere. The Reynold’s Number is found from
where
Re = 2 rd V  plasma
V
equation 6.15
equation 6.16
The flow associated with GMAW metal transfer can be roughly estimated by the 
implementation of these formulas. Droplet radii can be as much as three times (globular 
mode) to as little as one tenth (spray mode) the electrode radius. Plasma velocity is in the 
region of 100 m /s. It has already been shown that typical values for p  and rj are
6 x 1 0 ~1 kg/rrv> and 2 .04x10 ^ k g / m s , respectively (see Lancaster [1] Chapter 2). 
Substituting these figures into the equations for globular and spray modes, maximum and 
minimum Reynold’s Numbers are found. For GMAW, using a 1.2 millimeter filler wire, a 
rough guess would thus be:
3.5 < Re <1061
Figure 63 shows the different regions of flow that govern the forces affecting a 
sphere in a moving fluid. Of course, different plasma velocities, wire sizes and shielding 
gases will return different values for Re and C D. From the initial guess the GMAW metal 
transfer for the steel-argon system, using a 1.2 millimeter wire, is in the Allen flow region 
and the empirical data may be approximated by equation 6.17 shown below.
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Re
(  3
1 + —  Re
l  16
l2
)
equation 6.17
There also other formulas for approximating the empirical data but this one will
suffice.
(i) For Re<0.2 : CD= 2%>e STOKES FLOW
(ii) For 0.2<Re<150 : c D -\:24/ReM( 6R e )L  ALLEN FLOW
(iii) FOR 150<Re<50C
(iv) FOR 500<Re<10C
C °  _ 18'/R e 0'6ALLEN FLOW
OOo
<p II o £ NiEWTON FLOW
FIG U R E  63: Possible flows for a sphere and the equations used to approximate the
empirical data [18].____________________________
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6,3,5 FO R C E S A CTIN G  ON DRO PLETS A FTER DETACHM ENT:
Once a droplet detaches, the plasma and gravity accelerate the droplet along the arc. 
It may also be subject to an uncertain amount of electromagnetic force which could be 
dependent on the relative conductivity of argon and steel (or whatever other material and 
gas is used). But it is commonly accepted that the droplet carries no current after 
detachment.
Then, after detachment only two forces act on the droplets. These are gravity and 
the plasma-aerodynamic drag forces. Clarck et al. [10] have proposed that the droplet, 
upon detachment, is also accelerated due to stored surface tension energy since the droplet 
resembles a teardrop before detachment. At detachment it is envisaged that this teardrop 
seeks the more stable shape of a sphere. The effect would be mechanically analogous to 
shooting a rubber band. This energy may also create rotational or oscillatory kinetic 
energy. For these reasons, and the fact that it is hard to ascertain the true shape of the 
droplet at the very instant of detachment, this effect will not be considered in this study.
A rotating sphere does not have the same co-efficient of drag as one exhibiting no 
rotational energy. Film records of GMAW show that some less than perfect spherical 
shapes do exist and some do attain rotation as they travel across the arc: However, this 
effect will not be acknowledged in this study, and only perfectly spherical droplets being 
transported to the weld-pool through a fluid of constant velocity are assumed. The 
equation of motion for droplet flight is then
^d ro p le t  ̂ droplet F  + Fgravity drag
equation 6.18
where m drop[et is the droplet mass, adroplet is the droplet acceleration and the right hand terms 
are obviously the forces due to gravity and drag, giving
1 2
^droplet^droplet ^ droplet8  ^  P ^ p la s m a ^ ^ D
equation 6.19
where the terms for the plasma-aerodynamic force are as before and dividing both sides by
mdroPiet one obtains
and substituting
m droplet ~  ^ ^ d P  droplet
where rd is the droplet radius and p drop[et is the droplet density, we get
equation 6.20
equation 6.21
a droplet ~  8 +
3  P  ^  plasma^D
8  Pdroplet rd______ ■
equation 6.22
As we travel away from the electrode wire, the velocity of the plasma drops off 
rapidly in the radial direction [1]. Therefore, the value fo v v plasma used in equation 6.22 is
taken to be half that obtained from equation 6.13. This velocity will be termed vejfective. A
similar treatment has also been carried out by Lancaster [1] and Rhee [17] (see Appendix 
6). Droplet acceleration has attracted the attention of only a handfhl of investigators 
because of the problems of viewing the droplets through the arc and being able to track a 
droplet’s movement correctly. The findings of these investigators are shown in Table 10. 
An analysis into any of these papers will show that the figures are only a rough guide.
Needham et al. [14] 20-70g
Clarck et al. [10] 11,000-20,000 cm/s2
Johnson et al. [27] 11,000-20,000 cm/s^
Lancaster [1] 10.4-91.5 m/s2
Ludwig [36] up to 60g.
Quigley et al. [115] up to 300g
Amson [3] up to lOOg
Rhee et al. [17] up to 200 m/s5”
TABLE 10: Reported droplet accelerations across a GMAW arc. The V  refers to 
acceleration due to gravity. Different wire sizes are presented in these papers.
The calculated droplet accelerations for the data found by this study is plotted in 
Figure 64. The graph is obtained from using estimates for droplet and gas densities, 
acceleration due to gravity, equations 6.13, 6.17 and 6.22 along with the droplet sizes and 
current values found experimentally. The five points are then curve fitted. Other data is 
found in Appendix 6.
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An attempt was undertaken to check these figures using the ‘Motion Analysis’ 
Menu in the ‘OPTEVLAS 5.0’ package. The results gathered were unfavourable. It was not 
an initial aim of this study to find the droplet acceleration across the arc. Consequently, a 
constant reference point to be included in the film images was not considered (as our initial 
interest were only the droplet and electrode shapes and sizes). Nevertheless, the sides of 
the electrode at one of the two comers at the top of the film images proved to be an easy to 
use and reliable reference point for data measurement.
However, the main problems encountered involved this reference point. Firstly, 
the crude equipment we built to house the PULNIX charge coupled device (CCD) camera 
for image aquisition made it difficult to capture each frame with respect to a common 
reference. Secondly, this meant that the in-built reference point used for data referencing in 
OPTIMAS had to be moved continually from frame to frame on the computer screen. 
Thirdly, the digitised negative film showed that the pixels lost some of the picture 
sharpness of the original, thus picking the common reference point accurately proved to be 
an ardous task. These three factors help to create an unacceptable amount of error.
Furthermore, the digitised image created problems for calibrating the size of the 
objects seen in the pictures. Calibration of the distance per pixel was done by using the 
diameter (or ‘width’ in a two dimensional picture) of the 1.2 mm electrode. This 
calibration method showed an error of at least ±5% which was made from the differences 
in pixel intensity around the wire and the hand-eye co-ordination of the person picking the 
length of the wire as 1.2 mm.
The errors played a major part in obtaining rather large fluctuations in droplet 
velocity. Detached droplets also exhibited oscillatory and rotational motion which act to 
constantly alter the velocity of a particle. Further analysis is required in this area to fully 
understand what we are seeing in GMAW. Thus, in determining droplet acceleration 
erroneous figures were obtained.
For these reasons, and the fact that the project’s time limitations were almost 
expired, only the calculated droplet accelerations are given. Other researchers [14,57] have 
been able to work out particle velocities only after implementing creative techniques to 
determine particle trajectories. Implementation of such techniques in this study may have 
produced reasonable results but the already mentioned constrictions encountered dictated 
the outcome of events. It should be noted, however, that the calculated acceleration values 
could only be attained through the use of the droplet size and corresponding current values 
found by this study.
6,3.6 DETERMINATION OF DROPLET SIZES FROM WELDING
PARAMETERS
The Static Force Balance Theory can be used to work out the forces acting on the 
detaching droplets. It can also be used to work out the droplet sizes as a function of current 
by letting the droplet size and current be the unknown parameters. It has previously been 
possible to approximate the mean droplet radius from the recorded peaks in current and 
voltage from an oscilloscope. This is a widely used method for aquiring mean droplet size. 
The measured period from this method corresponds to droplet detachment. Providing that 
no metal evaporates, the wire feed rate and the detachment period can yield the droplet 
sizes.
The volume rate of metal being introduced at the anode may be determined from the 
wire feed rate and the wire cross-sectional area. If the frequency of detachment is known 
from the period of voltage peaks, it is easy to work out the time for a certain droplet size to 
grow (t) and the reciprocal is the droplet detachment frequency (fdetachment)* Equating the 
total volume introduced per unit time and the equation for droplet volume one gets
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I - f
_ 3 (W F R )r ;
 ̂ detachment
4  r]
equation 6.23
where WFR is the Wire Feed Rate, r^ electrode radius, and r^ is the droplet radius. 
Consequently it may be written as
3 (W F R )rf
r“ 3i 4 fdetachment
equation 6.24
Of course this will not be exact when filler wire additives are present since they 
evaporate or mix with the shielding gas.
This study has found that, with our experimental set-up, the voltage peaks are not 
just produced by droplet detachments. They can also be produced by the electrode 
touching the weld pool and by gaseous explosions. It is therefore deemed an inadequate 
method for determining droplet transfer frequency (with our equipment). Furthermore, the 
problem of the seeing through the AC ripple also exists. However, this frequency is easily 
obtained, with some patience and time, from the film records. So, providing a constant 
electrode extension exists (which in reality is almost true in free flight transfer), the volume 
which can theoretically go into the making of a droplet can be calculated to give an 
equivalent droplet size. The detachment times are not always equal and so are averaged. 
See Appendix 6 for the detachment times of the five time-data correlated films used in this 
study. Drop size via this method agrees well with the measured data as shown in Figure 
65.
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FIG U R E  65: Mean droplet sizes as found from equation 6.24 (using the WFR and 
droplet detachment frequency) and experimentally obtained data. Series 1: calculated from 
equation 6.24, Series 2: experimentally measured._______ _ _______
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Thus, the method works well but one cannot rely just on the voltage signals, as 
some past reseachers have done, to work out the droplet detachments times because of the 
already mentioned errors encountered in doing this.
6.3.7 TAPER FORMATION AND MODELING:
The development of the taper found in the steel-argon system is not understood and 
needs some discussion in this study. Needham et al. [14] suggested that the transition 
current is related to taper development which sees the plasma starting to exert a significant 
drag force on the droplets. This roughly corresponds to when all the droplet’s surface 
becomes the anodic area and the idea is not at all unreasonable.
Waszink and Van Den Heuvel [94] have speculated that the transition from globular 
to spray is related solely to when the Lorentz force and the force exerted by the liquid metal 
entering the droplet are equal to the retaining surface tension force.
The authors of [21] offer a reasonable answer to this perplexing problem. They 
suggest that this type of transfer mode (taper and streaming) is associated with well 
developed plasma jets. It also states that existing theories cannot explain tapered section 
development. It pin-points that this type of transfer is not encountered with high 
conductivity metals and assumes that it can only come from the heat balance at the anode.
The theory presented by Cooksey and Milner [21] assumes that the critical factor is 
the rate of liquid removal to the rate of liquid melting. As heat is put into the end of the 
electrode it is proposed that the ‘melting point isotherm becomes more perpendicular to the 
electrode with increasing conductivity’. Thus, when melting occurs with a tapered end, if 
sufficient force exists (from gravitational, plasma-aerodynamic and Lorentz force 
interaction) to cause the liquid to flow down the taper and to detach the droplets from the 
end as fast as the electrode melts, the taper is maintained (as observed in iron and nickel 
electrode positive). Otherwise, large droplet transfer is observed if the flow along the taper 
is slower than the melting rate.
This theory seems applicable to the results obtained from the information found in 
most previous studies. Furthermore, the Lorentz force acts along the liquid layer, the 
plasma-aerodynamic force creates drag on the liquid surface and gravity also aids the flow 
of liquid down the tip. All these aid in maintaining the taper.
However, these theories only offer qualitative information and have no real 
application in this study. They are presented to show there is a large void to be filled in this 
area and it is the melting properties of an electrode as it reacts with an arc that requires 
further analysis.
Since little is known about taper formation, this study will employ a simple two­
dimensional model to resemble an electrode tip at detachment. The formation of a tapered 
section is modeled by a cone which links the anode to the droplet. The droplet centre is 
assumed to the apex of the cone. In this way the droplet holding neck is the radius of the 
conical section which intersects the spherical droplet (see Figure 66). The cone has its base 
equal to the cross-section of the electrode and a yet to be determined height of h. The taper 
is constricted by a mathematical relationship since the droplet size, rd, taper height, h, and 
holding neck, ry, are related to each other with the proposed geometry. Of course, in 
reality this geometry will most likely not exist but it will do for an estimate of the taper 
height for a certain combination of droplet size and holding neck.
For our analysis, the cone (or ‘taper’) height is obtained from the experimental 
results as seen in Picture 3. The taper height information is presented in Table 11.
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W FR 60 80 100 120 150
(m m /s)
I (Am ps) 170 197 225 251 306
h (mm) 0 0 0 1.4 3.4
a  C ) - - - 23 10
ry (mm) 0.6 0 .6 0 .6 0.185 0.0738
TABLE 11: Electrode tapering as current increases for a 1.2 mm steel wire with Argon / 
5% C 0 2/ 2.5% 0 2 shielding (experimental values from our film images).
The current density through the electrode is the total current divided by the electrode 
cross sectional area. This current density is then multiplied by the neck radius cross­
sectional area to give the assumed current through the droplet. The information presented 
in Sections 6.3.1, 6.3.2, 6.3.3 and 6.3.5 was then used in the SFBT. The experimentally 
obtained values for neck radius, r  , were then curve fitted with a cubic polynomial and
used for plotting the ‘Modified Static Force Balance Theory’ results.
Initially, the data given by Kim et al.[8] was used to ascertain if our mathematical 
model gave good approximations. In Appendix 4, the calculated taper heights (using then- 
droplet size and corresponding currents and our model) were then compared to those 
experimentally obtained and presented in [8]. The results are found in Appendix 4 and the 
taper height comparison graph illustrates an agreeable result for our purposes. A 
comparison between the Static Force Balance Theory and the experimentally obtained 
Modified Static Force Balance Theory in our study will now be undertaken in the next 
Section titled ‘Discussion on the Validity of the SFBT’.
FIG U R E  66: A schematic diagram of the 2 dimensional model used to allow for tapering 
of an electrode which is employed in the ‘Modified Static Force Balance Theory
application.__________________________________
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6.3.8 Discussion on the Validity of the SFBT:
It is a well documented view taken by many previous GMAW metal transfer 
researchers that the SFBT only approximates experimentally obtained droplet sizes at low 
current values. The same can be said for the Pinch Instability Theory (P.I.T) at current 
above 200 amps.
A brief description of the P.I.T. has already been shown (see Section 6.1.(b)) and 
its suitability to GMAW metal transfer has been discredited. It has also been shown that 
mathematical models that do not take into account the transient behaviour of metal transfer 
by assuming a constant flow of metal are unacceptable. The complexity of the process has 
not led this author or any other person(s) to develop a new and more correct theory. The 
SFBT was then seen to be the only plausible theory available for analysis as some have 
suggested that the theory works as long as tapering of the electrode is taken into account 
[8].
However, before discussing the results obtained from applying the SFBT it is 
necessary to review the uncertainties and constraints of this analysis. There are many 
assumptions which have been made in our SFBT application. These will of course 
contribute to creating some error. Other factors presented below will highlight what we do 
and don’t know about the forces thought to play part in GMAW metal transfer.
Firstly, the equation for determining droplet weight is straightforward. However, it 
is assumed that the temperature (and consequently the density) throughout the droplet is 
constant. It is also hard to estimate just how much of the droplet stays at the electrode tip 
after detachment.
Secondly, the assumed constant temperature dictates that the temperature dependent 
surface tension remains constant across the droplet. In reality it is unknown how the 
droplet density and surface tension varies across the electrode tip. It is also hard to predict 
when tapering commences, which will lead to a decline in the surface tension force.
Thirdly, the electromagnetic force is one which needs greater attention and 
understanding. There exist no clear and concise method for finding the ‘anodic area’ (or 
arc root attachment on the electrode). Current density and distribution is also an unknown. 
One must also assume the electrode conductivity after tapering has started or after the whole 
droplet is seen to be completely covered. The conductivity of a detached droplet is also 
uncertain and always assumed to be zero.
Fourthly, the variation and value of plasma velocity across the arc remains a 
mystery. The frontal area of the droplet presented to the fluid flow and the co-efficient of 
drag should really be quite different to the ideal case of a sphere as either a cylindrical shape 
(in globular mode) or conical shape (in spray mode) is in front of the droplet. Plasma flow 
is also not always around the whole droplet.
Finally, factors not considered in the analysis include rotational and oscillatory 
motion exhibited by the droplets as seen in film records. As well, the SFBT cannot 
account for what happens when different shielding gases which seem to develop different 
detachment mechanisms are used. No consideration is also given to the effects of the many 
gaseous explosions encountered across a wide current range due to alloying elements, 
oxidisation of iron or whatever causes them.
The results returned from the SFBT application are shown in Figure 67. The 
‘Modified SFBT’ is obtained from curve fitting the taper height information in Section 
6.3.7. The ‘Modified SFBT’ is exactly the same as the Modified SFBT in Reference [8], 
except that our study (as already mentioned) looks at the forces quite differently. 
Experimentally acquired mean droplet radii are also plotted to show comparison of model to 
experimental values.
As can be seen, no sharp transition is evident in this plot of current versus droplet 
radius. This agrees well with the findings and observations of Clarck et al. [10], Kim et al. 
[8] and Johnson et al. [138]. Most recently, GMAW researchers are starting to find that 
transition occurs gradually and it is not as abrupt as previously documented.
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Allowance for tapering seems to suggest that it is certainly what contributes to the 
droplet size decrease as current and taper height increase.
F IG U R E  67: Results obtained from SFBT (thick line), Modified SFBT (allowing for 
tapering-dashed line) and experimentally obtained mean droplet radii (points) for various 
currents for a 1.2 mm steel electrode with argon shielding.
Nevertheless, if the SFBT was correct, the first three points in Figure 67 (going 
from left to right) would be on the SFBT line (since no taper exists) whilst the other two 
points would lie roughly on the Modified SFBT line (since it is derived from our model). 
Thus, the accuracy of the Modified SFBT is adequate as a rather rough prediction of 
droplet size. Note that only five points appear on the above graph. Kim et al.[8] used only 
13 data points, Waszink et al.[94] used 9 data points and Cooksey and Milner [21] 
presented only three data points (for steel) as a basis for their observations. For our 
purposes, only a small number of data points were needed as long as the transition current 
was included somewhere in the range, in our case it is in the middle. The small number of 
data points used in this and other studies are mainly due to the large amounts of time taken 
up by camera set-up, film development and droplet measurements. If other points were 
found a graph similar to that in Figure IV1 in Appendix 4 would appear for the 1.2 mm 
wire, but it would not provide any additional practical information.
As previously mentioned, the SFBT has been often stated as a provider of good 
estimates at low current regions. In low current regions globular transfer dominates, so the 
holding neck retaining the droplet is related to the electrode diameter. Then, the surface 
tension force is easy to calculate. It is therefore not intellectually challenging to find that the 
only other force promoting detachment is due to gravity and an imbalance of these two 
easily obtained forces will dictate detachment since low current values mean low values for 
electromagnetic and plasma induced forces.
The Modified SFBT can only be said to approximate droplet radii but not too 
closely. This result is not discouraging since many assumptions have been made and the 
interaction of other forces possibly existing in the system have been omitted.
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The many assumptions made due to uncertainty must be confronted and these 
problems rectified before one can credit or discredit the SFBT. From our SFBT 
application, a plot of the magnitude of the GMAW forces is presented in Figure 68. The 
traditional method of representing these forces is also shown in Figure 69 for comparison. 
The difference in the graphs lie in that taper allowance displays a surface tension force 
decrease and our model distributes the current through the droplet and taper (meaning not 
all the current travels through the droplet).
F IG U R E  68: GMAW forces for a 1.2 mm steel electrode in argon. Fst is the surface 
tension force, Fd is the plasma drag, Fem is the Lorentz force and Fg is that force due to 
gravity. Notice that plasma drag is important at high currents and surface tension force
drops away as taper develops.
F IG U R E  69: Traditional manner GMAW forces are calculated. Note differences to 
Figure 68. Fs is the plasma drag, Fem is the Lorentz force, Fg gravity force and Fr is the
_______ surface tension force [1]. _______
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To provide some insight into which SFBT application is the correct one an analysis 
of overhead welding is provided to yield the more correct choice. Wooding [56] has 
produced high-speed photographs of metal transfer in the overhead position (work-piece 
above the welding gun) and these are shown in Figure 70.
F IG U R E  70: High-speed photographs of metal transfer in overhead position [56].
It has already been stated that nearly all previous researchers of GMAW metal 
transfer researchers assume that a detached droplet carries no current whatsoever. How 
then can the droplet (as shown above) travel across the arc as it works against the force of 
gravity ?
If one looks at figure 69, the answer is that it cannot since gravity and the plasma 
drag force at around 200 amps are equal. Since the electromagnetic force is zero on the 
detached droplet, theoretically the droplet would go nowhere.
If, however, we follow the treatment presented in Figures 67 and 68 it is easy to 
see that the droplet is acted by plasma drag after detachment (as described in Section 6.3.5 
and is stronger than the gravitational force). This clearly asserts that the droplet will travel 
to the workpiece and justifies the manner in which the SFBT has been applied here.
It is not the purpose of this author to provide the definitive laws of GMAW metal 
transfer in this work because they are not completely understood and such a leap in 
understanding seems to be still a long way off. This study has also found that the pursuit 
of knowledge in this field is an arduous task as the areas of study are not trivial ones and
the forces not easily measured.
In summary, with regards to the SFBT, this study has found:
(1) The present state of the SFBT or a modified version of it that allows for tapering 
cannot fully explain the metal transfer phenomenon observed in GMAW.
(2) There are too many parameters that are still unknown which are crucial to an accurate
application of the SFBT. This uncertainty leads to too many assumptions about these
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parameters which undoubtedly lead to large erroneous figures. Future applications of 
this theory will need to minimise the number of assumptions.
(3) From our SFBT application, It is clear that the surface tension force decreases when 
tapering starts and plasma aerodynamic forces dominate at high currents. This agrees 
well with the ideas of Needham et al. [14] and Amson et al. [3,5,62], both well 
respected works amongst past researchers.
(4) Our research has shown the flaws and merits of past works and developed a ‘Modified 
SFBT that has a solid foundation. However, as pointed out above, the physics of 
welding must undergo a lot of maturing before we see a sound and accurate 
mathematical model.
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CHAPTER 7: CONCLUSION
7.1 Summary of Achievements
This study has successfully developed and implemented three techniques that are 
able to gather information on GMAW metal transfer utilising a laser, optics, floodlight, 
35mm SLR camera and a high-speed 16mm camera. These have produced photographic 
and cinematographic film records that can be used to calculate droplet sizes and droplet 
movement because of their high quality. The film records do not suffer from blurring 
effects as seen in other similar works when using some video equipment.
A brief but straightforward and useful insight into the GMAW process, 
consumables and equipment has been provided. Weld qualities, shapes and properties 
have also provided a very good insight into what a weld is. Various factors that alter metal 
transfer have been discussed along with their effects. -
It has also proved possible to correlate welding data to film records using the nac E- 
10 camera’s in-built event synchronising capability. As long as the sampling rate of data 
collection is high enough, very accurate correlation can be made. These black and white 
films were able to be self processed at the University of Wollongong (see Appendix 7). 
Current peaks seemed to be related to droplet detachment. Gaseous explosions altered 
signals significantly.
The necessary operating settings to obtain good quality films using various 
visualisation methods have also been found after considering proper operation of 
equipment, proper film exposure and some trial and error.
The decrease of droplet size and development of tapering in GMAW as current is 
increased has been shown (see Picture 3). Films have also shown that oscillatory and 
rotational movement of droplets exists. Non spherical droplets also exist and the regular 
occurrence of gaseous explosions across a broad range of current has been well 
documented for the materials used in this study (see Appendices 1 and 2).
Droplet sizes and detachment times at fixed wire feed rates have been shown as 
being irregular (see Appendix 6). The present state of development of the SFBT needs 
further refinement if the actual droplets seen on the film records are to be approximated 
more accurately. Therefore, after following the flowchart on page 74, we cannot compare 
the differences of the model too closely as there are too many unknowns to warrant an in 
depth discussion of the results.
What has been achieved is that present theories have shown inadequacies in 
describing GMAW metal transfer. The SFBT has been shown to be the more correct 
theory that needs much improvement. Further discussion of this will follow.
A GMAW test-bed has been developed at the University of Wollongong that is 
capable of analysing metal transfer and obtaining related welding data. The test-bed has 
proven to be a powerful investigative tool for studying the process. It may also be used for 
studying the performance of various welding consumables, new welding techniques and/or 
power sources.
The study found that transition (or rather tapering development of the wire 
electrode) occurred between 225 and 251 amps (238 ± 1 3  amps) which agrees well with 
the values in Table 8. This transition was found to be a gradual one.
A particularly interesting achievement of this study was the ability to acquire droplet 
sizes from the film images. All but one batch of previous researchers in this field has been 
able to do this. These works have come from the Materials Technology Group, Idaho 
National Engineering Laboratory, Idaho, U.S.A..
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Normally, a similar approach to using equation 6.24 is undertaken for finding 
droplet sizes after working out the average detachment frequency (e.g. [8,14,17]). 
Unfortunately, droplet velocities and accelerations were unable to be retrieved because of 
the problems brought up in Section 6.3.5. whilst using the OPTIMAS 5.0 Motion Analysis 
Menu.
The forces associated with the SFBT have been extensively reviewed and this 
analysis would have to be one of the most comprehensive in analysing every aspect into the 
parameters that make up these equations. It has been found that much development is 
needed in the areas discussed in Section 6.3.8 to prove if the SFBT really explains GMAW 
metal transfer. Nevertheless, the SFBT has come out intact as a theory for describing metal 
transfer because it is hard to ascertain if the theory can work if all the assumptions 
progressively become known parameters and forces not considered are accounted for. 
Only future development will prove its worth. Other theories have been shown as not 
applicable to GMAW metal transfer.
The results of the SFBT agree somewhat with the findings of Needham et al. [14] 
in that plasma drag plays a major role at high current values after necking of the electrode 
(tapering) is observed.
It has been proven that, as long as the wire feed rate and the droplet detachment 
frequency are known, mean droplet sizes can be closely approximated from these welding 
parameters. Thus, a suitable video camera or power source with low AC ripple may be 
used to find the droplet frequency and the mean droplet sizes determined.
The major conclusions that may be extracted from this study can then be presented 
in two major categories. These are the suitability of visualisation techniques and the 
observations of metal transfer.
Thus, the suitability of visualisation techniques can be summed up as follows,
(1) Laser backlighting techniques are an excellent tool for investigating melting phenomena
associated with GMAW metal transfer. This technique coupled with a suitable 
camera that allows time-correlation to the electrical parameters, such as the nac E -10, 
has been shown to be of great use for studying GMAW metal transfer. This is true if 
the data acquisition rates and camera framing rates are high enough and roughly of 
the same order. A reasonable rate would be at least 5 kilohertz.
(2) Removal of the red laser bandwidth filter lens whilst using the above-mentioned
technique can see one retrieving excellent images of the welding arc shape and 
intensity.
(3) The floodlighting technique is adequate for viewing GMAW metal transfer but proper
exposure of film is needed (if one uses chemically developed film) to obtain sound 
results. Best results are found by making sure that the background contrast is high.
(4) Laser backlighting proved a more viable option than the floodlighting technique for
studying GMAW metal transfer due to less critical film exposure settings which 
meant less work and more consistent results. However, the colour film developed 
from the floodlighting method was by far the most spectacular.
(5) The OPTIMAS 5.0 package and our image grabbing set-up with the PULNIX CCD
camera proved to be most inadequate in providing reasonable results (in terms of 
droplet velocities and accelerations) from the program as mentioned in Section 6.3.5 
whilst utilising the Motion Analysis Menu.
(6) Successful determination of droplet sizes directly extracted from film records was
achieved with OPTIMAS 5.0. Few other researchers have been able to accomplish 
this task.
(7) If one wishes to study explosive transfer of metal in GMAW a framing rate in the order
of up to 40,000 frames a second (as suggested by Woods [33]) would be advisable 
to get very small exposure times to avoid blurring effects due to the fast movement of 
these explosions.
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As well, the observations of GMAW metal transfer can be summed up as follows,
(1) It is verified that one observes the short-circuit, globular and spray transfer modes as
current is increased in GMAW (as reported by past researchers). Explosive transfer 
was also observed (across all currents) with a de-oxidising wire (the Autocraft LW-
1). However, the nature of the explosions cannot be completely pin-pointed.
(2) The literature survey found how parameters affect metal transfer. Both qualitative and
quantitative information was gathered in this area.
(3) The thesis is a good reference for GMAW metal transfer and GMAW process
fundamentals. Sections of it have already been presented as reference material to 
undergraduate students undertaking a GMAW related thesis topic at the University of 
Wollongong.
(4) The physics of welding is still in its infancy, many major advances will need to be
made before one can model the process mathematically to allow for different 
shielding gases, metals, welding conditions, etc.. No existing theory can adequately 
accomplish this task.
(5) A data acquisition system that sees through the power supply AC ripple or a power
source that does not posses such an output waveform will have to be realised if one is 
to study GMAW metal transfer, particularly in the spray mode. The Transmig 350 
EC welding machine used in this study had too large an AC ripple to allow an 
adequate analysis of droplet detachment at high currents.
(6) Current peaks and voltage lows seem to correlate to droplet detachments. Fluctuations
in these electrical parameters were also attributable to gaseous explosions and droplet 
repulsions. From this, it is quite clear that a study into GMAW metal transfer has to 
consider correlated film images and electrical signals to arrive at any major 
conclusions. Otherwise, such a study would be deemed useless as it is quite 
impossible to identify an event without such a correlation.
(7) Droplets exhibit both rotational and oscillatory motion.
(8) Droplet sizes and detachment times were found to be irregular.
(9) Transition current corresponds to the start of tapering of the electrode.
(10) Droplet sizes may be estimated quite accurately if the wire feed rate and the 
detachment frequency are known.
Hence, areas for further improvements can be pin-pointed and direction for future 
research assured.
7.2 R ecom m endations fo r Im provem ents
The following are recommendations for improvements which would aid in the 
understanding of GMAW metal transfer and equipment usage:
(a) Re-classification of metal transfer to also include rotational and oscillatory motion and
introduce uniformity amongst researchers so everyone follows a common direction 
for results comparison.
(b) Transition current needs a uniform definition. Presently, to some it is when droplet
transfer rates increase abruptly. To others it may mean when droplets travelling 
across the arc attain accelerations greater than gravity or when droplet sizes are 
smaller than the electrode or when tapering starts (as in this study). Whether these 
events occur at the same time is not known but a clear and unequivocal definition is
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needed. It seems that the most plausible definition for transition is when tapering 
commences.
(c) An attempt could be made to reduce the amount of noise in the current and voltage
signals. Bi-polar voltage peaks have been observed to correlate to droplet 
detachments [14]. However, as stated before, our voltage and current signals show 
that the AC ripple noise is of the same size as the signals. This problem was also 
found by others [25,27,138].
Adam and Siewert [25] have suggested three methods for smoothing the signals 
which could be used for counting the number of detachments. Smoothing the curve 
could be done by calculating the first derivative of the signal to count how many 
times the signal changes sign in a given time period or finding the voltage (or current) 
level corresponding to 20% of the highest peak (reasoning that peaks having a height 
smaller than 20% of the maximum do not represent droplet transfer), then subtracting 
this value from the whole signal [25]. The implementation of such signal smoothing 
may yield favorable results without opting for the costly alternative of acquiring a 
different power supply.
For either case, one will still need to investigate the distinction'between droplet 
detachment and gaseous explosion.
(d) To lower cost and time of film developing, the laser shadowgraphing could be used
through a suitable video camera. Doing this also implies if such a package as 
OPTIMAS 5.0 is utilised for motion analysis there is no need to continually change a 
point of reference since all images are acquired at the same position. This will at least 
eliminate the types of errors encountered in our study. The PULNIX CCD camera 
described elsewhere in this work may prove useful for this as their shutter speeds 
have variable controls (up to 1/10000 of a second are available). The total number of 
frames captured will be much less than those possible with the nac E-10 but picture 
clarity should be quite good and may be useful for GMAW metal transfer 
observations. The mean droplet sizes could be attained from following the 
recommended improvement (3) and/or the use of equation 6.24 (providing droplet 
frequency is found).
(e) The tables that the optical equipment sits on are cumbersome to move and to maintain
level and a simple bump from a passerby can throw the optical alignment out 
considerably. Unfortunately, the lathe that holds the welding gun and accommodates 
the workpieces makes it hard to put in some other alternative (particularly since one 
side contains the lathe’s worm gears and adjustment controls of the lathe bed). No 
alternatives are put forward but a better set-up for housing the optical equipment is 
recommended.
(f) Implementation of ideas to reduce the errors encountered when using the OPTIMAS
5.0 package is recommended. To completely understand how the program works out 
the velocity is recommended and consultation with an OPTIMAS technician and/or 
representative may help yield favorable results. This is highly recommended as the 
amount of time put into finding out droplet velocities is substantial and only leads to 
frustration when results retrieved reveal large fluctuations and inherent errors.
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7.3 Recommendations for Future Research
Recommendations for future research will now be discussed.
(a) The GMAW test-bed facility at the University of Wollongong is extremely powerful for 
. analysing the effects of using different welding consumables, power sources or new
welding techniques. It is hoped that it will be used in these areas to its full potential. 
Future research in these areas will undoubtedly advance knowledge in welding 
science. Commercial gains may be forthcoming if the facility is utilised and nurtured 
properly.
(b) If the recommendations for improvements are undertaken, the droplet velocities and
accelerations will be realised and the much quoted work of Essers and Walter [39] 
verified or discredited. If there exists a relation between final droplet momentum and 
penetration a great leap will be made in GMAW physics. Being able to track droplet 
velocity accurately will mean acceleration can be found and plasma velocity 
estimated.
(c) It seems that future research into the validity of the SFBT should be undertaken.
Electrical Engineering may yield a solution to the electromagnetic force, 
Aerodynamics may yield a solution to the drag force on a hanging droplet, Plasma 
Physicist may soon shed some light on the plasma velocity and the conductivity of a 
detached droplet and thermodynamics may lead to a solution to how the temperature 
(and consequently, the surface tension and droplet density) along the electrode vary. 
Rotational and oscillatory droplet motion should be investigated. These are difficult 
problems which require our attention.
(d) The development of a completely new theory should also be encouraged as the 
stagnation of knowledge that seems to be holding the SFBT back may take some time 
to move forward. If possible, it is hoped that the droplet melting is treated together 
with the welding arc and dynamic droplet growth taken into account.
(e) The SFBT applies the mean current into its formulas but in reality it fluctuates around a
mean during droplet growth and detachment. The study into voltage and current 
variations during droplet life is greatly encouraged.
(f) If one can reliably ascertain the droplet frequency then it is possible to accurately
estimate the droplet size from equation 6.24. Signal smoothing for removing power 
supply AC ripple (as already mentioned) or another method such as acoustic signal 
processing should be investigated as possible droplet detachment detectors.
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APPENDIX 1
A) DROPLET AND TAPER SIZES TRACED WITH OPTIMAS 5.0:
1) WFR=60mm/s
2) WFR=80mm/s 
2) WFR=100mm/s 
2) W FR=120mm/s 
2) W FR=150mm/s
B1 GAS EXPLOSIONS
1) W FR=120mm/s
2) WFR=150mm/s
120






FI LM4 Gas B cp los ion s: WFR ~ X 2 0 rrim/s
Violent Rup t ure on we X ri poa.1. con t;act



APPENDIX 2
IMAGES OF GAS EXPLOSIONS : LASER SHADOWGRAPH
1) WFR=60mm/s
2) WFR=80mm/s 
2) WFR=100mm/s 
2) WFR=120mm/s 
2) WFR=150mm/s
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GMAW METAL TRANSFER: Gas Explosions
WFR=60mm/s, V0=26V, Autocraft LW-1: 1.2mm electrode, Ar/5% C02/2.5% 0 2, Frame
Rate = 2500 per second._________________________
GMAW METAL TRANSFER: Gas Explosions
WFR=80mm/s, V0=26V, Autocraft LW-1: 1.2mm electrode, Ar/5% C02/2.5% 0 2, Frame
Rate = 5000 per second.
PICTURE PICTURE
GMAW METAL TRANSFER: Gas Explosions
WFR=80mm/s, V0=26V, Autocraft LW-1: 1.2mm electrode, Ar/5% C02/2.5% 0 2, Frame
_____________________ Rate -  50(X) per second.
GMAW METAL TRANSFER: Gas Explosions
WFR=100mm/s, V0=26V, Autocraft LW-1: 1.2mm electrode, Ar/5% C02/2.5% 0 2, Frame
__________________________ Rate = 5000 per second.
GMAW METAL TRANSFER: Gas Explosions
W FR=100m m /s, V0=26V, Autocraft LW-1: 1.2mm electrode, Ar/5% C02/2.5% 0 2, Frame
______________ Rate = 5000 per second. _____________
PICTURE PICTURE
GMAW METAL TRANSFER: Gas Explosions
WFR=100mm/s, V0=26V, Autocraft LW-1: 1.2mm electrode, Ar/5% C02/2.5% 0 2,
_______________Frame Rate = 5000 per second.
m jf
-------- ,w ~
l* '*^U \ r  w'* • ■ • sv*..- »v¿5»/<»;$'»
PICTURE 1 PICTURE 2
PICTURE 3 PICTURE 4
GMAW METAL TRANSFER: Gas Explosions
WFR=120mm/s, V0=26V, Autocraft LW-1: 1.2mm electrode, Ar/5% C02/2.5% 0 2, Frame
Rate = 5000 per second.
GMAW METAL TRANSFER: Gas Explosions
WFR=150mm/s, V0=31V, Autocraft LW-1: 1.2mm electrode, Ar/5% C02/2.5% 0 2, Frame
Rate = 5000 per second.
PICTURE PICTURE
GMAW METAL TRANSFER: Gas Explosions
WFR=150mm/s, V0=31V, Autocraft LW-1: 1.2mm electrode, Ar/5% C 02/2.5% 0 2, Frame
Rate = 5000 per second.
APPENDIX 3
IMAGES OF METAL TRANSFER : SLR CAMERA & FLOODLIGHT
12 PICTURES AT VARIOUS SETTINGS
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GM AW  MF.TAT, TRANSFER: DATE 21-11-95.
WFR=3.7, V0=29.5V, Autocraft LW-1: 1.2mm electrode, Ar/5% C 0 2/2.5% 0 2, 
NDF: 8+8, 2 stops under-exposed, frame rate: 1/8000, Apeture: f32, Notes: weld pool 
depression easily seen, droplet not spherical.
PICTURE 2
GMAW  M ETAL TRANSFER: DATE 21-11-95,
WFR=3.7, V0=29.5V, Autocraft LW-1: 1.2mm electrode, Ar/5% C 0 2/2.5% 0 2, 
NDF: 8+8, 2 stops under-exposed, frame rate: 1/8000, Apeture: f32, Notes: droplet not
spherical.
GMAW  M ETAL TRANSFER: DATE 21-11-95,
WFR=3.7, V0=29.5V, Autocraft LW-1: 1.2mm electrode, Ar/5% C 0 2/2.5% 0 2, 
NDF: 8+8, 1 stop under-exposed, frame rate: 1/8000, Apeture: f32, Notes: 2 very 
different droplet sizes travelling across the arc.
\
GMAW M ETAL TRANSFER: DATE 21-11-95,
WFR=3.7, V0=29.5V, Autocraft LW-1: 1.2mm electrode, Ar/5% C 0 2/2.5% 0 2, 
NDF: 8+4, slightly under-exposed, frame rate: 1/8000, Apeture: f32, Notes: 
Easy to see weld pool depression.
GM AW  M ETAL TRANSFER: DATE 21-11-95,
WFR=3.7, V0=29.5V, Autocraft LW-1: 1.2mm electrode, Ar/5% C 0 2/2.5% 0 2, 
NDF: 8, slightly under-exposed, frame rate: 1/8000, Apeture: f32, Notes: Either gas 
escaping from weld pool or impact of droplet in weld pool.
GM AW  M ETAL TRANSFER: DATE 31-10-95,
WFR=3.6, V0=22V, Autocraft LW-1: 1.2mm electrode, Ar/5% C 0 2/2.5% 0 2, 
NDF: 8, neutral exposure, frame rate: 1/4000, Apeture: f22, Notes: Short-circuit transfer, 
arc about to extinguish as droplet touches weld pool.
OM AW  M ETAL TRANSFER: DATE 31-10-95,
WFR=3.7, V0=29.5V, Autocraft LW-1: 1.2mm electrode, Ar/5% C 0 2/2.5% 0 2, 
NDF: 8+8, 1 stop under-exposed, frame rate: 1/4000, Apeture: f32, Notes: Very large 
droplet (not likely) or gas explosion inside droplet. Easy to see gun nozzle and weld pool.
GM AW  MF.TAT, TRANSFER: DATE 31-10-95.
WFR=3.7, V0=29.5V, Autocraft LW-1: 1.2mm electrode, Ar/5% C 0 2/2.5% 0 2, 
NDF: 8, 1 stop under-exposed, frame rate: 1/4000, Apeture: f32, Notes: weld pool 
depression visible, droplet about to impact weld pool, small taper visible.
GMAW METAL TRANSFER: DATE ! 0-11 -95,
WFR=1.5, V0=25V. Autocraft LW-1: 1.2mm electrode, Ar/59Î < 1 ) 2.5% O 
NDF: 8+red filter, neutal exposure, frame rate: 1/2000, Apeture: f5 Notes globu ai 
transfer1, depicts arc attachment \ partial molten droplet visible'.
PICTURE 9
GMAW M ETAI, TRANSFER: DATE 10-11-95,
WFR=1.5, V0=25V, Autocraft LW-1: 1.2mm electrode, Ar/5% C 0 2/2.5% 0 2, 
NDF: 8+red filter, neutal exposure, frame rate: 1/2000, Apeture: f5, Notes: globular 
transfer1, depicts arc attachment2, partial molten droplet visible3.
OM AW  M ETAL TRANSFER: DATE 10-11-95,
WFR=1.5, V0=25V, Autocraft LW-1: 1.2mm electrode, Ar/5 ' ! 1 5
NDF: 8+rcd filter, neutral exposure, frame rate: 1/2000 A.peture f5 Notes glob
transfer1, depicts arc attachment2, partial molten drop lei v i s i b l e  e  '  P 1C r  ;
PICTURE 10
GMAW  M ETAL TRANSFER: DATE 10-11-95,
WFR=1.5, V0=25V, Autocraft LW-1: 1.2mm electrode, Ar/5% C 0 2/2.5% 0 2, 
NDF: 8+red filter, neutral exposure, frame rate: 1/2000, Apeture: f5, Notes: globular 
transfer1, depicts arc attachment2, partial molten droplet visible3 (ie. as for picture 9).
GMAW M ETAL TRANSFER: DATE 10 11 95, 
WFR=1.5, V0=25V, Autocraft LW-1: 1.2mm electrode, Vi 5* \ C ( ) /2 5 ( 
NDF: 8+red filter, neutral exposure, frame rate: 1/2000, Apeture: !c. Not« 
transfer1, depicts arc attachment2, partial molten droplet visible (ie a i -
GM AW  M ETAL TRANSFER: DATE 10-11-95,
WFR=1.5, V0=25V, Autocraft LW-1: 1.2mm electrode, Ar/5% C 0 2/2.5% 0 2, 
NDF: 8+red filter, neutral exposure, frame rate: 1/2000, Apeture: f5, Notes: globular 
transfer1, depicts arc attachment2, partial molten droplet visible3 (ie. as for picture 9).
GMAV\ METAL TRANSFER: DATE 10-11-95.
WFR=1.5, Vq=25 ' ift I W -l: I 2mm electrode, Ar/5% C O /2 5 % 0
NDF: 8+red filter. ne ¡t r-ame rate: 1/2000, Apeture: f5, Notes: globulai
transfer1, depicts arc attai 
shots show that arc root attav
molten droplet visible3 (ie. as for picture 9), A 
on one side of the droplet (and not directly
?low it'
GM AW  M ETAL TRANSFER: DATE 10-11-95,
WFR=1.5, V0=25V, Autocraft LW-1: 1.2mm electrode, Ar/5% C 0 2/2.5% 0 2, 
NDF: 8+red filter, neutral exposure, frame rate: 1/2000, Apeture: f5, Notes: globular 
transfer1, depicts arc attachment2, partial molten droplet visible3 (ie. as for picture 9), All 
shots show that arc root attachment seems to be on one side of the droplet (and not directly
below it).
APPENDIX 4
EX A M PLE A PPLICATION O F STATIC FO R C E BAT,ANCE THEORY
Globular —  Spray
FIG U RE IV I : Experimental data taken from [8].
I (Amps) rd  (cm) rd  / re
1 164 0.221 2.76
2 178 0.217 2.71
3 192 0.189 2.36
4 203 0.195 2.44
5 217 0.156 1.95
6 225 0.138 1.73
7 228 0.132 1.65
8 233 0.120 1.5
9 242 0.08 1.86
10 266 0.0653 0.82
11 276 0.0488 0.61
12 291 0.0427 0.53
13 304 0.0384 0.48
TABLE IV1: Drop radius versus current values for mild steel (AWS ER70S-3) using 
_______ Argon - 2% oxygen shielding gas. Other factors may be found in [8].
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rd  (cm)
r 3d ( 10 9 m 3 ) v(10 9 m 3 ) F g (10 4 N)
1 0.221 10.794 45.21 28.83
2 0.217 10.218 42.80 27.29
3 0.189 6.751 28.28 18.03
4 0.195 7.415 31.06 19.81
5 0.156 3.796 15.90 10.14
6 0.138 2.628 11.0 7.014
7 0.132 2.30 9.634 6.143
8 0.120 1.728 7.238 4.615
9 0.0848 0.6098 2.554 1.629
10 0.0653 0.27845 1.166 0.7435
11 0.0488 0.1162 0.4868 0.3104
12 0.0427 0.0785 0.3261 0.2079
13 0.0384 0.05662 0.2372 0.1512
TABLE IV2 : Calculation of Fg for values found in Table IV2 .
rd /re re /rd (°°) ?1(10"7) I(am ps)
1 2.76 0.362 38.59 0.56258 164 1.516
2 2.71 0.369 39.37 0.5609 178 1.782
3 2.36 0.424 45.54 0.550 192 2.0347
4 2.44 0.410 43.96 0.5525 203 2.286
5 1.95 0.513 55.85 0.5225 217 2.462
6 1.73 0.578 63.69 0.4978 225 5.513
7 1.65 0.606 67.17 0.4859 228 2.534
8 1.5 0.667 75.02 0.4573 233 2.492
9 1.06 0.943 118.82 0.2315 242 1.351
10 0.82 1.220 * 0.08138 266 0.5779
11 0.61 1.639 * 0.02492 276 0.1898
12 0.53 1.887 * 0.0142 291 0.1203
13 0.48 2.083 * 0.009555 304 0.08305
Not Applicable
TABLE IV3: Results for calculation of Lorentz force. Relevant equations are also found
in Figure 57.
Fem = q Idrop = q 1 Itotal
for rd<re
where cos 0 = 1 -(5/3) for rd>re
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1(A) Re CD fd(io 3V)
1 164 92.7 117 0.98 3.8889
2 178 100 124 0.95 4.2314
3 192 107.5 116 0.99 3.8351
.4 203 113.4 126 0.94 4.3502
5 217 121.1 107 1.02 3.4484
6 225 125.6 99 1.07 3.0367
7 228 127.3 96 1.08 2.9014
8 233 130.2 89 1.13 2.6047
9 242 135.4 66 1.33 1.6573
10 266 149.6 56 1.45 1.3089
11 276 155.6 43 1.67 0.9085
12 291 164.9 40 1.74 0.8144
13 304 173 37 1.8 0.7494
TABLE IV : Calculation of Drag forces.
1(A) rd (cm)
Fem( 1° 3N) F g ( 1 0  3N) F d  (10- 3 N) F r (\0"* 1N )
1 164.16 0.221 1.516 2.883 3.8889 8.2879
2 178.25 0.217 1.782 2.729 4.2314 8.7424
3 192.34 0.189 2.0347 1.803 3.8351 7.6728
4 203.43 0.195 2.286 1.981 4.3502 8.6172
5 217.06 0.156 2.4618 1.0414 3.4484 6.9516
6 224.68 0.138 2.513 0.7014 3.0367 6.2511
7 228.38 0.132 2.534 0.6143 2.9014 6.0497
8 233.46 0.120 2.492 0.4615 2.6047 5.5582
9 241.58 0.0848 0.1629 1.6573 3.1712
10 266.49 0.0653 0.5779 0.07435 1.3089 1.96117
11 276.19 0.0488 0.1898 0.03104 0.9085 1.1293
12 291.67 0.0427 0.1203 0.02079 0.8144 0.9555
13 303.68 0.0384 0.08305 0.01512 0.7494 0.8476
TA BLE IV 5: Forces acting on metal droplets. Information in Table IV 6 is used along
with model in Figure 66.
To compare taper length, values were obtained from [8] and are presented in Table IV 6.
I (Am ps) 205 237 253 281 310
T ap er L ength  ’ h ' (mm) 0 2.4 2.7 4.1 5.1
TABLE IV  6: Taper of electrode at various welding currents with a steel electrode
shielded with Ar-2% 0 2  [8].
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FIG U R E  IV 2: Taper height comparison between calculated and experimental values in 
[8]. Verifying that assumed geometry of electrode provides a reasonable estimate of
tapering effect.________________________ _______
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FIG U R E  IV 3: Calculated GMAW forces allowing for tapering using model in Figure 
66. Compare difference in results to those in Figure IV 4 which are Kim et al.’s [8] 
results. Difference lies in electromagnmetic force (not all current travels through droplet in 
our case) and aerodynamic force (our evaluation of this force is much more refined).
WELDING CURRENT (A)
FIG U R E  IV 4: GMAW forces as evaluated by Kim et al. [8]. Their results indicate that 
electromagnetic force is responsible for droplet detachment at high currents. Our results 
agree with Needham etm al. [14] that plasma drag is responsible for metal transfer at high
currents.
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APPENDIX 5
TECHNICAL NOTES ON SOME EQUIPMENT USED IN STUDY: 
1) TRANSMIG 350 EC welding machine
2) Voltage-Current characteristics of TRANSMIG 350 EC
3) Optical qualities of low band pass filter
4) PULNIX CCD camera
SHIELDING GASES USED:
A) Argoshield 40: ARGON / 5% 0 2
B) Argoshield 50: ARGON / 5% C 0 2 /  2.5% 0 2
C) Argoshield 51: ARGON /  16% C 0 2 / 2.5% 0 2
ELECTRODE USED:
Autocraft LW-1 1.2 mm electrode (details in Figure 17)
TABLE SPEED USED ON ALL FILMS DEPICTED IN THE STUDY:
300mm/minute
GAS FLOW RATE : 
14 litres/minute
PLATE MATERIAL AND SIZES :
6mm X 50mm X 300mm, of AS 3678-1990-250 grade
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irartsmig 350tC
703840  - 415/440 volt, three phase
The TRANSMIG 350 EC (Electronic Control' has improved arc starting tor two main reasons. Firstly, the wire speed is pre­
programmed to feed slowly icreep-teed prior to arc initiation and then to operate at ueid speed upon arc detection. Secondly, 
the unique "Fresh Tip Treatment" iFTT> feature improves arc re-starting by reducing the incidence of oxidized "w ire balling", 
during the burnback Stage.
Stable repeatable welding conditions are obtained bv provision of line voltage comoensation. Thermal overload protection 
promotes longer equipment life. Ene'gv saving circuits reduce overall welding costs bv decreasing power consumption during 
standby periods.
Wire Feeder:
The TRANSMATIC 1 is a simple lightweight wire feeder designed specifically for use with the TRANSMIG 350 EC and TRANSMIG 
350 Pulse. The TRANSMATIC 1 runs 0.5mm and 1.2mm hard, sort and 1.2mm and 1.6mm flux cored wire.
Remote Control: .
The Remote Control Unit provides infinitely variable output conditions whilst welding.
Features
E Ease of use.
■  Infinite remote control whilst welding.
■  Improved arc starting.
B New rugged wire feeder.
■  Line voltage compensation.
■  Compact-mobile.
E Thermal overload protection.
B Thyristor control.
■ Energv saving circuits.
■ Creep feed.
■ FTT (Fresh Tip Treatment).
■ Fixed burnback.
■ Made in Australia to Australian Standard 
AS 1966.1-1985.
■  Australia-wide electrical supply authority approval
■  CIGWELD nationwide service and back-up.
U'WiPISie-r’lrlC js'i
Input Voltage: 415/440 volts AC,
Rated input 
frequency:
three phase 
50 Hz
Rated input: 20 amps
Recommended 
supplv fuse: 30 amps
mot supplied) 
Input supply 
cable: 23mm2
Output current 
range: DC 60 - 350 amps
Output voltage 
range: DC 14 to 36 volts
Rated duty cvcle 
(over five minute 
period): 60°/o, 350 amps
Minim um supply 
outlet rating: 30 amp
Wire sizes: 0.9mm to 1.2mm
Dimensions: (with 
wheels)
hard soft 
1.2mm to 1.6mm 
flux cored
Height 685mm
Weight (shipping):
Width 360mm 
Depth 600mm -  
265mm Cyl. Trav 
110 kg
Transmig 350 EC full three phase 
power source with four metre 
primarv lead rated at 60°-o dutv cvcle 
703841
Transmatic 1 wire feeder complete 
with eight metre interconnection 
lead ~038” 5
Tweco No. 4 torch with 3.6 metre 
cable set up for 0.9mm and 1.2mm
wire 7T201
Remove control unit with eight metre
lead 703862
Wheeling kit (supplied with power
source) 703871
Four metre work lead
and clamp 703855
Argon mini regulator 301527
Argon, C 0 2 flowmeter 301711
Saddle cable stowage 703960
{-t m c m v i l ' s S c ; s l U M  C t e : \
Transmig 350 EC full three phase 
power source and Transmatic Wire 
Feed Unit 703840
C 0 2 regulator 301528
C 0 2 heater, 110 V (100 watt) 702388 
Wire drive kit
1.2'1.6mm cored 704202
M ire conduit 2.0mm OTW44 564
£ E ; M C \
Interconnection Extern;ion Kit,
8 metr e 704498
Eight metre remote control extension
(cable onlv) 7976784
Torch ,adaotor No.5 703975
M ire drive feed rolls
0.9mm aiuminium 703904
1.2mm aluminium 703905
1.6mm aluminium 703906
0.9mm to 1.2mm hard wire 703911
1.0mm to 1.2mm hard wire 703912
1.2.mm cored 1
7042021.6mm cored /
Binzel Push-Pull
Wirefe eder Kit 704198
c00 /020d  ESS ‘ON S¿£T¿St7 £0 1SU EriHdcTiS GlEHSID £ S / c T / T l  !
CRAPHIC CONTROLS CORPORATION BUFFALO. NEW YORK
PRINTED IN U.3.A.
APPENDIX 6
GMAW EXPERIMENTAL DATA:
(1) CALCULATED DROPLET ACCELERATION ACROSS THE ARC
(1 page)
(2) DROPLET SIZE COMPARISON: Experimental Versus Equation 6.23
(1 page)
(3) DROPLET AREAS CACULATED BY OPTIMAS 5.0
(6 pages)
(4) DROPLET DETACHMENT TIMES 
(4 pages)
(5) DROPLET DETACHMENT FREQUENCY
(1 page)
(6) WELDING PARAMETER DATA: Voltage, Current and Wire Feed Rate
(5 pages)
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Sheetl
WFR (mm/sl I (Ampsi Droo Radius (mi Vplasma (m/si
60 170 0.0014599 95.9
80 197 0.0010001 110.2
100 225 0.00072825 125.6
120 251 0.0004735 140.1
150 306 0.00042515 174.3
Veffective (m/si Re Çd
47.9 41.2 1.72
55.1 32.4 1.97
62.8 26.8 2.2
70 19.5 ' 2.65
87.2 21.8 2.48
a (m/sA2) a+a (m/sA2i
9.37 19.18
12.37 22.18
30.01 39.82
95.01 104.82
153.36 163.17
------------------------------------------= -------------------------------
GMAW: DROPLET ACCELERATION
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Page 1
Sheetl
WFR (mm/s)
60
80
100
120
150
Volume Rate (mA3/s)
6.786*1 OE-8
9.048*1 OE-8
1.131 *1OE-7
1.357*1 OE-7
1.697*1 OE-7
Detachment Time (msecs)
39-219:AVG=159
23-118:AVG=66
2-55:AVG=15
0.6-10.6:AVG=3.5
0.6-4.8:AVG=2.1
Droplet Volume (mA3)
1.07897*1 OE-8
5.972*1 OE-9
1.695*1 OE-9
4.7495*10E-10
CURRENT (AMPS) Equiv. Droplet Measured Droplet
Radius(m) Radius (m)
170 0.001371 0.0014599
197 0.001125 0.0010001
225 0.0007399 0.00072825
251 0.000484 0.0004735
306 0.0004398 0.00042515
DROPLET SIZE COMPARISON
3
0 .0 0 1 4  - 
0.0012 Í  
0.001 
0 .0 0 0 8
o  < cc
w 0 .0 0 0 6
g  0 .0 0 0 4  
cc 0.0002
0
60 80  100 120 
WFR(mm/S)
150
Ü S e n e s i 
E3 S e rie s2
series 1: calculated from equation 6.24
series 2: experimenta ly measured
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DR0P1.XLS
Experiment: GMAW
Treatment: WFR=60,80,100,120,150 m m /s
Sample: FILMS 1,2,3,4,5
Frame: Post event sync.
SpecimenJD: AREAS
Area Perimeter ArTotalTally mArAreaEquivDiameter
sq cm CALIBRATION
WFR=60mm/s UNITS:
CENTIMETERS
LO: 0.0710633 0 .983226 6 . 0.3008
L1 : 0.0871506 1 .24504 0.333112
L2: 0.0861534 1.12849 0.331201
L3: 0.074088 1.05243 0.307135
L4: 0.0313769 0 .649487 0.199876
L5: 0.0614574 0 .964913 0.279732
0 .4  y
m i l l
1 2 3 4 5 6
TOTAL: 1.751856
droplet
diam eter
(cm )
N um ber of d rop le ts : 6 
AVG (CM):0.291976
detachment number
Page 1
DROP1.XLS
WFR=80mm/s
LO: 0.0382073 0 .733307 8 0.220561
L1 : 0.0272886 0 .700564 0.1864
L2: 0.0233997 0 .62645 0.172608
L3: 0.0131956 0 .50144 0.129619
L4: 0.0529485 0.83761 0.259646
L5: 0.0272387 0.603541 0.186229
L6: 0.0575187 0 .876672 0.27062
L7: 0.0238983 0 .580045 0.174437
0 .3  j
l l i i l l l i
1 2 3 4 5 6 7 8
TOTAL: 1.60012
N um ber of d rop le ts : 8
d ro p le t
AVG (CM): 0.200015
d ia m e te r
(c m )
detachm ent num ber
Page 2
DR0P1.XLS
W F R =1 OOmm/s
LO 0.010054!5 0 .39590 2 21 0.113145
L1 0.0074287^1 0 .31897 1 0.0972551
L2 0.020042(5 0 .57104 4 0.159747
L3 0.033836!5 0 .68672 9 0.207562
L4 0.01723^\ 0 .53599 4 0.148132
L5 0.014907!3 0 .48093 7 0.13777
L6 0.018264^l 0 .54678 2 0.152496
L7 0.019444!3 0 .52515 3 0.157345
L8 0.0046367!3 0 .28086 8 0.0768353
L9 0.017666- 0 .52075 9 . 0.149977
L10 0.013810!5 0.43681 3 0.132605
L11 0.023000!3 0 .6143 8 0.17113
L12 0.02399!3 0.60351 2 0.1748
L13 0.014192'7 0.44463 7 0.134427
L14 0.020441!5 0 .55044 6 0.161329
L15 0.020973!3 0 .52914 3 0.163414
L16 0.0046034!3 0.25711 3 0.0765594
L17 0.024928'7 0 .58354 1 0.178158
L18 0.020757!3 0 .5415 7 0.16257
L19 0.019893 0 .53080 8 0.15915
L20 0.016353!2 0 .51335 7 0.144297
TOTAL: 3.05870038
0 .2 5  -i Number of droplets: 21
AVG (CM): 0.145653
0 .2  -
d ro p le t
d iam eter C). 1 5 -
(c m )
0.1  - i l
9 1
0 .0 5  -El |
1 i
o - r mm
r- Tt o  coT— 1— 1 
6 
1 
9 detachm ent num ber
Page 3
DROP1.XLS
WFR=120mm/s
L0 0.00678059 0 .312425 20 0.0929157
L1 0.00573359 0.294711 0.0854414
L2 0.019461 0 .566676 0.157412
L3 0.00719607 0 .340482 0.09572
L4 0.00628202 0 .317656 0.0894344
L5 0.00742874 0 .340306 0.0972551
L6 0.00794393 0.357641 0.100571
L7 0.00794393 0 .382903 0.100571
L8 0.0063485 0 .328349 0.0899064
L9 0.00563388 0 .300674 0.0846952
L10 0.00596626 0 .294785 0.0871578
L11 0.00746198 0 .331157 0.0974725
L12 0.00606597 0 .327342 0.0878831
L13 0.00935655 0 .358886 0.109147
IL14 0.00787745 0 .333873 0.100149
IL15 0.00250948 0 .206615 0.0565259
L16 0.00882474 0 .365925 0.106
L17 0.00508544 0.270271 0.0804673
L18 0.00653131 0 .298458 0.0911917
L19 0.0059995 0 .298667 0.0874002
TOTAL: 1.8973167
! 0 .1 6  -  
0 . 1 4 ­
0 .1 2  -
N u m b e r o f d rop le ts : 20
AVG (CM): 0.094866
d ro p le t
d iam ete r
(c m )
0.1
0.08
0.06
0.04
0.02
0
CO CO CD d etachm ent num ber
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DR0P1.XLS
WFR=150mm/s
LO
L1
L2
L3
L4
L5
L6
L7
L8
L9
L10
0.00402182
0.00929008
0.00993822
0.0124145
0.0101377
0.00942303
0.00352325
0.00466997
0.00222696
0.0117497
0.00312439
0.282674
0.437241
0.388642
0.497586
0.448964
0.392312
0.225513
0.270751
0.183329
0.43118
0.224568
15 0.0715594
0.108759
0.112489
0.125724
0.113612
0.109534
0.0669772
0.0771102
0.053249
0.122312
0.0630722
L11 0.00239315 0.185505
L12! 0.00405506 0.277268
L13! 0.00224358 0.195422
0.0552001
0.0718545
0.0534473
L14 0.00390549 0.250481 0.0705168
d ro p le t
d ia m e te r
J c m ±
0.14
0.12
0.1
0.08
0.06
0.04
0.02
0
TOTAL: 1.2754167
Number of droplets: 15 
AVG (CM): 0.085028
CO LO h - O) d e ta ch m en t n um ber
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Sheetl
Detachment N# Detachment Time j[jmjec§)
1 4
2 1 9
2 1 9
3 9
WFR=60mm/s
1 2 8
1 8 8
S e n e s i
Detachment N# ¡Detachment Time (msecsl
1 1
2 3 WFR=80mm/s
1 0 5  !
2 6
112
2 3
5 5
1 1 8
S e n e s i
Page 1
Sheetl
Detachment N# Detachment Time (msecsl
1
24
14
1 2
8
15
21
7 4
8 13
9 1 7
1 0 1 0
1 1 24
1 2 1 8
1 3 14j
1 4 8 !
1 5 5 5 !
1 6 1 8 !
1 7 1 4
18 9
1 9 2
20 9
21 7
22 1 5
23 _____l i l
WFR=100mm/s
V)oo0)
E
<D
£
P
60
50
40
30
c0)
E
o 20  <o •*->0)Û
1 0
S e n e s i
T t O  CO CD CD CM
Detachment N#
to
CM
CD
CM
49
inCM 1 2
26 8 iI
27 7
28 6 |
!!_________________ !__________________
i
|
|
|
|
j
_________________
|
_________________
S
|
i
I
i
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Sheetl
Detachment N# Detachment Time fmsecsi
1 3.2
2 3
3 3.6
4 5.2
5 1
6 2.2
7 3.8
8 2.6
9 3
1 0 1.8
1 1 3.2
12 2.8
1 3 2.8
1 4
COCO
15 3.2
1 6 3.6
17 4
1 8 4.6
1 9 3
20 4.6
21 ! 1.4
22 | 3.8
23 2.8
24 4.4
COmCM
26 4.8
27 3.2
28 t 3.8
CO 10.6;
30 5.8
31 3.4
WFR=120mm/s
12
10
(/)oow
g
o
£
+-»ca
Ex:aro
+-<a>Q
S e n e s i
m c n c o r ^ - r - m c n c o  
T - T - CM CM C\l CO
Detachment N#
CO
32 5.6
33 0.6
34 3.8
35 2.61
36
37 3.4
38
39
40
3.4!
2.2
3.4;
Page 3
Sheetl
Page 4
Sheetl
1 (Amps)
170
f detachment (droplets/secs)
6.29
197 15.15
225 66.67
251 285.71
306 476.2
DROPLET DETACHMENT FREQUENCY
CURRENT (Amps) «^♦^™ Series1
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APPENDIX 7
EXAMPLE OF FILM AND WELDING DATA LOGGING CORRELATION - 
some of the disturbances in the data signals clearly correspond to the
events appearing on the film
EVENT SHOWN ON DATA PRINTOUT:
(1) First droplet detaches 
(A) Gas explosion in droplet
(2) Second droplet detaches
(Bi-Bii) Between 0.32-0.35 milliseconds something causes droplet to repel
(C) Gas explosion in droplet
(3) Third droplet detaches
(4) Fourth droplet detaches (rather small)
(5) Fifth droplet detaches
(6) Sixth droplet detaches
Note 1: some events are not shown below their corresponding event times
since there is no space to do so.
Note 2: As current is increased, the welding machine’s AC ripple renders 
most observations almost impossible to detect. However, in this case 
(WFR=60mm/s) it is shown that time correlation between film records and 
data logged is quite possible and a powerful investigative tool.
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